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MULTI-PATH MITIGATION IN 
RANGEFINDING AND TRACKING OBJECTS 

USING REDUCEDATTENUATION RF 
TECHNOLOGY 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application claims benefit under 35 U.S.C. S 119(e) of 
U.S. Provisional Application No. 61/744,828, filed Oct. 3, 
2012, entitled MULTI-PATH MITIGATION IN 
RANGEFINDING AND TRACKING OBJECTS USING 
REDUCEDATTENUATION RF TECHNOLOGY, which is 
incorporated herein by reference in its entirety. 

This application is also a continuation-in-part of U.S. 
patent application Ser. No. 13/566,993, filed Aug. 3, 2012, 
entitled MULTI-PATH MITIGATION INRANGEFINDING 
AND TRACKING OBJECTS USING REDUCED 
ATTENUATION RF TECHNOLOGY, which claims benefit 
under 35 U.S.C. S 119(e) of U.S. Provisional Application No. 
61/514,839, filed Aug. 3, 2011, entitled MULTI-PATH MITI 
GATION IN RANGEFINDING AND TRACKING 
OBJECTS USING REDUCEDATTENUATION RF TECH 
NOLOGY: U.S. Provisional Application No. 61/554,945, 
filed Nov. 2, 2011, entitled MULTI-PATH MITIGATION IN 
RANGEFINDING AND TRACKING OBJECTS USING 
REDUCEDATTENUATIONRF TECHNOLOGY: U.S. Pro 
visional Application No. 61/618,472, filed Mar. 30, 2012, 
entitled MULTI-PATH MITIGATION INRANGEFINDING 
AND TRACKING OBJECTS USING REDUCED 
ATTENUATION RF TECHNOLOGY; and U.S. Provisional 
Application No. 61/662,270, filed Jun. 20, 2012, entitled 
MULTI-PATH MITIGATION IN RANGEFINDING AND 
TRACKING OBJECTS USING REDUCED ATTENUA 
TION RF TECHNOLOGY: which are incorporated herein by 
reference in their entirety. 

U.S. patent application Ser. No. 13/566,993, filed Aug. 3, 
2012, entitled MULTI-PATH MITIGATION IN 
RANGEFINDING AND TRACKING OBJECTS USING 
REDUCEDATTENUATION RF TECHNOLOGY, is a con 
tinuation-in-part of U.S. patent application Ser. No. 13/109, 
904, filed May 17, 2011, entitled MULTI-PATH MITIGA 
TION IN RANGEFINDING AND TRACKING OBJECTS 
USING REDUCED ATTENUATION RF TECHNOLOGY, 
now U.S. Pat. No. 8,305,215, issued Nov. 6, 2012, which is a 
continuation of U.S. patent application Ser. No. 13/008,519, 
filed Jan. 18, 2011, now U.S. Pat. No. 7,969,311, issued Jun. 
28, 2011, entitled METHODS AND SYSTEM FOR MULTI 
PATH MITIGATION IN TRACKING OBJECTS USING 
REDUCEDATTENUATION RF TECHNOLOGY, which is 
a continuation-in-part of U.S. patent application Ser. No. 
12/502,809, filed on Jul 14, 2009, now U.S. Pat. No. 7,872, 
583, issued Jan. 18, 2011, entitled METHODS AND SYS 
TEM FOR REDUCED ATTENUATION IN TRACKING 
OBJECTS USING RF TECHNOLOGY, which is a continu 
ation-in-part of U.S. patent application Ser. No. 1 1/610,595, 
filed on Dec. 14, 2006, now U.S. Pat. No. 7,561,048, issued 
Jul. 14, 2009, entitled METHODS AND SYSTEM FOR 
REDUCED ATTENUATION IN TRACKING OBJECTS 
USING RF TECHNOLOGY, which claims benefit under 35 
U.S.C. S 119(e) of U.S. Provisional Patent Application No. 
60/597,649 filed on Dec. 15, 2005, entitled METHOD AND 
SYSTEM FOR REDUCED ATTENUATION IN TRACK.- 
ING OBJECTS USING MULTI-BAND RF TECHNOL 
OGY, which are incorporated by reference herein in their 
entirety. 
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2 
U.S. patent application Ser. No. 12/502,809, filed on Jul. 

14, 2009, entitled METHODS AND SYSTEM FOR 
REDUCED ATTENUATION IN TRACKING OBJECTS 
USING RF TECHNOLOGY, also claims benefit under 35 
U.S.C. S 119(e) of U.S. Provisional Application No. 61/103, 
270, filed on Oct. 7, 2008, entitled METHODS AND SYS 
TEM FOR MULTI-PATH MITIGATION IN TRACKING 
OBJECTS USING REDUCEDATTENUATION RF TECH 
NOLOGY, which is incorporated by reference herein in its 
entirety. 

TECHNICAL FIELD 

The present embodiment relates to wireless communica 
tions and wireless networks systems and systems for a Radio 
Frequency (RF)-based identification, tracking and locating of 
objects, including RTLS (Real Time Locating Service). 

BACKGROUND 

RF-based identification and location-finding systems for 
determination of relative or geographic position of objects are 
generally used for tracking single objects or groups of 
objects, as well as for tracking individuals. Conventional 
location-finding systems have been used for position deter 
mination in an open outdoor environment. RF-based, Global 
Positioning System (GPS), and assisted GPSs are typically 
used. However, conventional location-finding systems Suffer 
from certain inaccuracies when locating the objects in closed 
(i.e., indoor) environments, as well as outdoors. Although 
cellular wireless communication systems provide excellent 
data coverage in urban and most indoor environments, the 
position accuracy of these systems is limited by self-interfer 
ence, multipath and non-line-of-sight propagation. 
The indoor and outdoor location inaccuracies are due 

mainly to the physics of RF propagation, in particular, due to 
losses/attenuation of the RF signals, signal scattering and 
reflections. The losses/attenuation and Scattering issues can 
be solved (see U.S. Pat. No. 7,561,048) by employing narrow 
band ranging signal(s) and operating at low RF frequencies, 
for example at VHF range or lower. 

Although, at VHF and lower frequencies the multi-path 
phenomena (e.g., RF energy reflections), is less severe than at 
UHF and higher frequencies, the impact of the multi-path 
phenomena on location-finding accuracy makes location 
determination less reliable and precise than required by the 
industry. Accordingly, there is a need for a method and a 
system for mitigating the effects of the RF energy reflections 
(i.e., multi-path phenomena) in RF-based identification and 
location-finding systems that are employing narrow-band 
ranging signal(s). 
As a rule, conventional RF-based identification and loca 

tion-finding systems mitigating multipath by employing wide 
bandwidth ranging signals, e.g. exploiting wide-band signal 
nature for multi-path mitigation (see S. Salous, "Indoor and 
Outdoor UHF Measurements with a 90 MHZ Bandwidth', 
IEEE Colloquium on Propagation Characteristics and 
Related System Techniques for Beyond Line-of-Sight Radio, 
1997, pp. 8/1-8/6). Also, see Chen et al. patent US 2011/ 
0124347 A1 whereby the locate accuracy vs. required PRS 
bandwidth is shown in Table 1. From this table for 10 meters 
accuracy 83 MHz of bandwidth is needed. In addition, spatial 
diversity and/orantenna diversity techniques are used in some 
CaSCS. 

However, the spatial diversity may not be an option in 
many tracking-location applications because it leads to an 
increase in required infrastructure. Similarly, the antenna 



US 9,288,623 B2 
3 

diversity has a limited value, because at lower operating fre 
quencies, for example VHF, the physical size of antenna 
Subsystem becomes too large. The case in point is the U.S. 
Pat. No. 6,788,199, where a system and method for locating 
objects, people, pets and personal articles is described. 
The proposed system employs an antenna array to mitigate 

the multi-path. The optionally system operates at UHF in the 
902-926 MHz band. It is well known that the linear dimension 
of the antenna is proportional to the wave length of an oper 
ating frequency. Also, the area of an antenna array is propor 
tional to the square and volume to the cube of the linear 
dimensions ratio because in an antenna array the antennas are 
usually separated by 4 or /2 wave length. Thus, at VHF and 
lower frequencies the size of the antenna array will signifi 
cantly impact device portability. 
On the other hand, because of a very limited frequency 

spectrum, the narrow bandwidth ranging signal does not lend 
itself into multi-path mitigation techniques that are currently 
used by conventional RF-based identification and location 
finding systems. The reason is that the ranging signal distor 
tion (i.e., change in the signal) that is induced by the multi 
path is too small for reliable detection/processing in presence 
of noise. Also, because of limited bandwidth the narrow band 
width receiver cannot differentiate between ranging signal 
Direct-Line-Of-Sight (DLOS) path and delayed ranging sig 
nal paths when these are separated by Small delays, since the 
narrow bandwidth receiver lacks the required time resolution, 
which is proportional to the receiver's bandwidth (e.g., the 
narrow bandwidth has an integrating effect on the incoming 
signals). 

Accordingly, there is a need in the art for a multi-path 
mitigation method and system for object identification and 
location-finding, which uses narrow bandwidth ranging sig 
nal(s) and operates in VHF or lower frequencies as well as 
UHF band frequencies and beyond. 
The track and locate functionality need is primarily found 

in wireless networks. The multi-path mitigation methods and 
systems for object identification and location finding, 
described in U.S. Pat. No. 7,872,583, can be utilized in most 
of the available wireless networks. However, certain wireless 
networks have communications standards/systems that 
require integration of the techniques into the wireless net 
works to fully benefit from various ranging and positioning 
signals that are described in U.S. Pat. No. 7,872,583. Typi 
cally, these wireless systems can provide excellent data cov 
erage over wide areas and most indoor environments. How 
ever, the position accuracy available with of these systems is 
limited by self-interference, multipath and non-line-of-sight 
propagation. As an example, the recent 3GPP Release 9 stan 
dardized positioning techniques for LTE (Long Term Evolu 
tion) standard has the following: 1)A-GNSS (Assisted Global 
Navigation Satellite System) or A-GPS (Assisted Global 
Positioning System) as the primary method; and 2) Enhanced 
Cell-ID (E-CID) and OTDOA (Observed Time Difference of 
Arrival), including DL-OTDOA (Downlink OTDOA), as fall 
back methods. While these methods might satisfy the current 
mandatory FCC E911 emergency location requirements, the 
accuracy, reliability and availability of these location meth 
ods fall short of the needs of LBS (Location Based Services) 
or RTLS system users, who require highly accurate locating 
within buildings, shopping malls, urban corridors, etc. More 
over, the upcoming FCC 911 requirements are more stringent 
than the existing ones and with exception of A-GNSS 
(A-GPS) might be beyond the existing techniques/methods 
locate capabilities. It is well known that the A-GNSS 
(A-GPS) accuracy is very good in open spaces but is very 
unreliable in urban/indoor environments. 
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At the same time other techniques/methods accuracy is 

severely impacted by the effects of multipath and other radio 
wave propagation phenomena. Thus, making it impossible to 
meet the upcoming FCC 911 requirements and the LBS 
requirements. Listed below are in addition to the DL-OTDOA 
and E-CID locate techniques/methods. The U-TDOA con 
cept is similar to the OTDOA, but uses Location Measure 
ment Units (LMUs) installed at the cell towers to calculate a 
phone's position. It is (was) designed for the original 911 
requirements. LMU’s have only been deployed on 2G GSM 
networks and would require major hardware upgrades for 3G 
UMTS networks. U-TDOA has not been standardized for 
support in 4G LTE or WiMAX. Also, LMUs are not used in 
LTE deployments. Like other methods the U-TDOA accuracy 
suffers from the multipath. The LTE standardization groups 
might forgo the LMUs additional hardware and fashion the 
U-TDOA after the DL-OTDOA, e.g. UL-OTDOA. Note: DL 
OTDOA is standardized in release 9. 

Another contender for the upcoming FCC 911 require 
ments is the RF Fingerprinting method(s). This technology is 
based on the principle that every location has a unique radio 
frequency (RF) signature, like a fingerprint’s pattern, a loca 
tion can be identified by a unique set of values including 
measurements of neighbor cell signal strengths, etc. Finger 
printing does not require additional hardware. However, this 
technology Suffers from the fact that it requires a large data 
base and a long training phase. Also, unlike human finger 
prints that are truly unique, because of RF propagation phe 
nomena the RF signature repeats at multiple different 
locations. Furthermore, the database goes stale, e.g. signature 
ages quickly as the environment changes, including weather. 
This makes the task of maintaining the database burdensome. 
The number of hearable cell towers has significant impact on 
accuracy—need to obtain readings from multitude (8 or 
more) towers to get a reasonable accuracy (60 meters, as 
claimed by Polaris wireless). Thus, in suburban environment 
the accuracy degrades to 100 meters (see Polaris Wireless 
Location technology overview, July 29; from Polaris Wire 
less). Also, there is significant variation (up to 14.0%) of 
estimated position with the handset antenna orientation (see 
Tsung-Han Lin, et al. Microscopic Examination of an RSSI 
Signature-Based Indoor Localization System). 
While there are several causes of the RF fingerprinting 

database instability one of the major ones is the multipath. 
Multipath is highly dynamic and can instantaneously change 
the RF signature. Specifically, in heavy multipath environ 
ment, like indoors—people and elevators movements; furni 
ture, cabinets, equipment places changes will result in a dif 
ferent multipath distribution, e.g. severely impact RF 
signature. Also, indoors and in similar environments a small 
change in physical location (in 3 dimensions) causes signifi 
cant changes in the RF signature. This is result of combina 
tion of multipath, which makes RF signature 3 dimensional, 
and short wavelength that results in significant RF signature 
changes over distances of 4 wave. Therefore, in Such envi 
ronments the number of points in the database would have to 
be exponentially increased. 

There exist less accurate location methods, for example 
RTT, RTT+CID, including ones that are based on received 
signal strength. However, in latter case RF propagation phe 
nomenon make the signal strength vary 30 dB to 40 dB over 
the distance of a wavelength which, in wireless networks, can 
be significantly less than a meter. This severely impacts the 
accuracy and/or the reliability of methods based on received 
signal strength. Again, all these methods accuracy is Suffering 
from the multipath. 



US 9,288,623 B2 
5 

Accordingly, there is a need in the art for more accurate and 
reliable tracking and locating capability for wireless net 
works, which can be achieved through multipath mitigation 
technology. 

Positioning reference signals (PRS) were added in the 
Release 9 of the LTE 3GPP and are meant to be used by the 
user equipment (UE) for OTDOA positioning (a type of mul 
tilateration). The TS 36.211 Release 9 Technical Specifica 
tion is titled “Evolved Universal Terrestrial Radio Access 
(E-UTRA); Physical Channels and Modulation.” 
As noted, PRS can be used by the UE for the Downlink 

Observed Time Difference of Arrival (DL-OTDOA) position 
ing. The Release 9 specification also requires neighboring 
base stations (eNBs) to be synchronized. This removes the 
last obstacle for OTDOA methods. The PRS also improves 
UE hearability at the UE of multiple eNBs. It is to be noted 
that the Release 9 specification did not specify the eNB syn 
chronization accuracy, with some proposals suggesting 100 
ns. The UL-TDOA is currently in a study phase and it 
expected to be standardized in 2011. 
The DL-OTDOA method, according to the Release 9 

specification, is detailed in U.S. Patent Application Publica 
tion No. 2011/0124347 A1 to Chen et al., titled “Method and 
Apparatus for UE Positioning in LTE Networks. The 
Release 9 DL-OTDOA suffers from the multipath phenom 
ena. Some multipath mitigation can be achieved by increased 
PRS signal bandwidth. However, this consequently results in 
increased scheduling complexity and longer times between 
UE positions fixes. In addition, for networks with limited 
operating bandwidth, such as 10 MHz, the best possible accu 
racy is about 100 meters, as illustrated in Table 1 of Chen et al. 
These numbers are the results in a best case scenario. In other 
cases, especially when the DLOS signal strength is signifi 
cantly lower (10-20 dB) compared to the reflected signal(s) 
strength, it results in significantly larger (from two to four 
times) locate/ranging errors. 

Chen et al. describe a variant of the UL-TDOA positioning 
that is also PRS based, referred to as Up Link Positioning 
Reference Signal (UL-PRS). Chen et al. proposes improved 
neighbor cells hearability and/or reduced scheduling com 
plexity, yet Chen et al. do not teach anything that addresses 
mitigating multipath. As a result, the accuracy by Chen et al. 
is no better than the accuracy per Release 9 of the DL-OT 
DOA method accuracy. 

According to Chen et al. the DL-OTDOA and the UL 
TDOA methods are suitable for outdoor environments. Chen 
et al. further notes that DL-OTDOA and the UL-TDOA meth 
ods do not perform well in indoor environments, such as 
buildings, campuses, etc. Several reasons are noted by Chen 
et al. to explain the poor performance of these methods in 
indoor environments. For example, in Distributed Antenna 
Systems (DAS) that are commonly employed indoors, 
whereby each antenna does not have a unique ID. 

According to Chen, the end result is that in both: the 
Release 9 and the cell towers based, like UL-TDOA Chen et 
al., systems, the UE equipment cannot differentiate between 
the multiple antennas. This phenomenon prevents the usage 
of the multilateration method, employed in the Release 9 and 
Chen UL-OTDOA systems. To solve this problem, Chen et al. 
adds hardware and new network signals to the existing 
indoors wireless network systems. Furthermore, in case of an 
active DAS the best accuracy (error lower bound) is limited to 
50 meters. Finally, Chen et al. do not address the impact of 
multipath on the positioning accuracy in indoor environ 
ments, where it is most severe (compared to outdoor) and in 
many cases results in much larger (2x-4x) positioning errors 
than claimed. 
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The modifications taught by Chen et al. for indoor wireless 

networks antenna systems are not always possible because 
upgrading the existing systems would require a tremendous 
effort and high cost. Moreover, in case of an active DAS the 
best theoretical accuracy is only 50 meters, and in practice 
this accuracy would be significantly lower because of the RF 
propagation phenomena, including multipath. At the same 
time. In a DAS system signals that are produced by multiple 
antennas will appear as reflections, e.g. multipath. Therefore, 
if all antennas locations are known, it is possible to provide a 
location fix in DAS environment without the additional hard 
ware and/or new network signals if the signals paths from 
individual antennas can be resolved. For example, using mul 
tilateration and location consistency algorithms. Thus, there 
is a need in the art for an accurate and reliable multipath 
resolution for wireless networks. 

SUMMARY 

The present embodiment relates to a method and system 
fora Radio Frequency (RF)-based identification, tracking and 
locating of objects, including Real Time Locating Service 
(RTLS) that substantially obviates one or more of the disad 
Vantages of the related art. The proposed (exemplary) method 
and system use a narrow bandwidth ranging locating 
signal(s). According to an embodiment, RF-based tracking 
and locating is implemented on VHF band, but could be also 
implemented on lower bands (HF, LF and VLF) as well as 
UHF band and higher frequencies. It employs multi-path 
mitigation method including techniques and algorithms. The 
proposed system can use software implemented digital signal 
processing and software defined radio technologies. Digital 
signal processing can be used as well. 
The system of the embodiment can be constructed using 

standard FPGAs and standard signal processing hardware 
and Software at a very small incremental cost to the device and 
overall system. At the same time the accuracy of the RF-based 
identification and location-finding systems that are employ 
ing narrow-band ranging signal/s can be significantly 
improved. 
The transmitters and receivers for narrow bandwidth rang 

ing/locating signal, for example VHF, are used to identify a 
location of a person or an object. Digital signal processing 
(DSP) and software defined radio (SDR) technologies can be 
used to generate, receive and process a narrow bandwidth 
ranging signal(s) as well as perform multi-path mitigation 
algorithms. The narrow bandwidth ranging signal is used to 
identify, locate and track a person or an object in a half 
duplex, full duplex or simplex mode of operation. The Digital 
signal processing (DSP) and software defined radio (SDR) 
technologies are used in the multi-path mitigation processor 
to implement multi-path mitigation algorithms. 
The approach described herein employs a multi-path miti 

gation processor and multi-path mitigation techniques/algo 
rithms described in U.S. Pat. No. 7,872,583 that increase the 
accuracy of tracking and locating system implemented by a 
wireless network. The present embodiment can be used in all 
wireless systems/networks and include simplex, half-duplex 
and full duplex modes of operation. The embodiment 
described below operates with wireless networks that employ 
various modulation types, including OFDM modulation and/ 
or its derivatives. Thus, the embodiment described below 
operates with LTE networks and it is also applicable to other 
wireless systems/networks. 
The approach described herein is based on the networks 

one or more reference/pilot signal(s) and/or synchronization 
signals and is also applicable to other wireless networks, 
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including WiMax, WiFi, and White Space. Other wireless 
networks that do not use reference and/or pilot/synchroniza 
tion signals may employ one or more of the following types of 
alternate embodiments as described in U.S. Pat. No. 7,872, 
583: 1) where a portion of frame is dedicated to the ranging 
signal/ranging signal elements as described in U.S. Pat. No. 
7,872,583; 2) where the ranging signal elements (see U.S. 
Pat. No. 7,872,583) are embedded into transmit/receive sig 
nals frame(s); and 3) where the ranging signal elements (de 
scribed in U.S. Pat. No. 7,872,583) are embedded with the 
data. 

These alternate embodiments employ multi-path mitiga 
tion processor and multi-path mitigation techniques/algo 
rithms described in U.S. Pat. No. 7,872,583 and can be used 
in all modes of operation: simplex, half-duplex and full 
duplex. 
The integration of multi-path mitigation processor and 

multi-path mitigation techniques/algorithms described in 
U.S. Pat. No. 7,872,583 with OFDM based wireless net 
works, and other wireless networks with reference/pilot sig 
nals and/or synchronization signals, can be done with little or 
no incremental cost to the device and overall system. At the 
same time the location accuracy of the network and system 
will be significantly improved. As described in the embodi 
ment, RF-based tracking and locating is implemented on 
3GPP LTE cellular networks will significantly benefit from 
the localization of multi-path mitigation method/techniques 
and algorithms that are described in U.S. Pat. No. 7,872,583. 
The proposed system can use Software- or hardware-imple 
mented digital signal processing. 

Additional features and advantages of the embodiments 
will be set forth in the description that follows, and in part will 
be apparent from the description, or may be learned by prac 
tice of the embodiments. The advantages of the embodiments 
will be realized and attained by the structure particularly 
pointed out in the written description and claims hereof as 
well as the appended drawings. 

It is to be understood that both the foregoing general 
description and the following detailed description are exem 
plary and explanatory and are intended to provide further 
explanation of the embodiments as claimed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are included to pro 
vide a further understanding of the embodiments and are 
incorporated in and constitute a part of this specification, 
illustrate embodiments and together with the description 
serve to explain the principles of the embodiments. In the 
drawings: 

FIG. 1 and FIG. 1A illustrate narrow bandwidth ranging 
signal frequency components, in accordance with the 
embodiment; 

FIG. 2 illustrates exemplary wide bandwidth ranging sig 
nal frequency components. 

FIG.3A, FIG. 3B and FIG.3C illustrate block diagrams of 
master and slave units of an RF mobile tracking and locating 
system, in accordance with the embodiment; 

FIG. 4 illustrates an exemplary synthesized wideband base 
band ranging signal; 

FIG. 5 illustrates elimination of signal precursor by can 
cellation, in accordance with the embodiment; 

FIG. 6 illustrates precursor cancellation with fewer carri 
ers, in accordance with the embodiment; 

FIG. 7 illustrates a one-way transfer function phase: 
FIG. 8 illustrates an embodiment location method; 
FIG. 9 illustrates LTE reference signals mapping: 
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8 
FIG. 10 illustrates an exemplary enhanced Cell ID+RTT 

locating technique; 
FIG. 11 illustrates an exemplary OTDOA locating tech 

nique; 
FIG. 12 illustrates the operation of a Time Observation 

Unit (TMO) installed at an operator's eNB facility; 
FIG. 13 illustrates an exemplary wireless network locate 

equipment diagram; 
FIG. 14 illustrates an exemplary wireless network locate 

Downlink ecosystem for Enterprise applications; 
FIG. 15 illustrates an exemplary wireless network locate 

Downlink ecosystem for network wide applications; 
FIG. 16 illustrates an exemplary wireless network locate 

Uplink ecosystem for Enterprise applications; 
FIG. 17 illustrates an exemplary wireless network locate 

Uplink ecosystem for network wide applications; 
FIG. 18 illustrates an alternative embodiment of a UL 

TDOA; and 
FIG. 19 illustrates another embodiment of a UL-TDOA. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

Reference will now be made in detail to the preferred 
embodiments of the present embodiments, examples of 
which are illustrated in the accompanying drawings. 
The present embodiments relate to a method and system 

for RF-based identification, tracking and locating of objects, 
including RTLS. According to an embodiment, the method 
and system employs a narrow bandwidth ranging signal. The 
embodiment operates in VHF band, but can be also used in 
HF, LF and VLF bands as well as UHF band and higher 
frequencies. It employs multi-path mitigation processor. 
Employing multi-path mitigation processor increases the 
accuracy of tracking and locating implemented by a system. 
The embodiment includes small, highly portable base units 

that allow users to track, locate and monitor multiple persons 
and objects. Each unit has its own ID. Each unit broadcasts an 
RF signal with its ID, and each unit is able to send back a 
return signal, which can include its ID as well as Voice, data 
and additional information. Each unit processes the returned 
signals from the other units and, depending on the triangula 
tion or trilateration and/or other methods used, continuously 
determines their relative and/or actual locations. The pre 
ferred embodiment can also be easily integrated with prod 
ucts Such as GPS devices, Smartphones, two-way radios and 
PDAs. The resulting product will have all of the functions of 
the stand-alone devices while leveraging the existing display, 
sensors (such as altimeters, GPS, accelerometers and com 
passes) and processing capacity of its host. For example, a 
GPS device with the device technology describe herein will 
be able to provide the user's location on a map as well as to 
map the locations of the other members of the group. 
The size of the preferred embodiment based on an FPGA 

implementation is between approximately 2x4x1 inches and 
2x2x0.5 inches, or Smaller, as integrated circuit technology 
improves. Depending on the frequency used, the antenna will 
be either integrated into the device or protrude through the 
device enclosure. An ASIC (Application Specific Integrated 
Circuit) based version of the device will be able to incorporate 
the functions of the FPGA and most of the other electronic 
components in the unit or Tag. The ASIC-based stand-alone 
version of the product will result in the device size of 1x0.5x 
0.5 inches or smaller. The antenna size will be determined by 
the frequency used and part of the antenna can be integrated 
into the enclosure. The ASIC based embodiment is designed 
to be integrated into products can consist of nothing more 
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than a chipset. There should not be any substantial physical 
size difference between the Master or Tag units. 
The devices can use standard system components (off-the 

shelf components) operating at multiple frequency ranges 
(bands) for processing of multi-path mitigation algorithms. 
The Software for digital signal processing and Software-de 
fined radio can be used. The signal processing software com 
bined with minimal hardware, allows assembling the radios 
that have transmitted and received waveforms defined by the 
software. 

U.S. Pat. No. 7,561,048 discloses a narrow-bandwidth 
ranging signal system, whereby the narrow-bandwidth rang 
ing signal is designed to fit into a low-bandwidth channel, for 
example using Voice channels that are only several kilohertz 
wide (though some of low-bandwidth channels may extend 
into a few tens of kilohertz). This is in contrast to conventional 
location-finding systems that use channels from hundreds of 
kilohertz to tens of megahertz wide. 
The advantage of this narrow-bandwidth ranging signal 

system is as follows: 1) at lower operating frequencies/bands, 
conventional location-finding systems ranging signal band 
width exceeds the carrier (operating) frequency value. Thus, 
such systems cannot be deployed at LF/VLF and other lower 
frequencies bands, including HF. Unlike conventional loca 
tion-finding systems, the narrow-bandwidth ranging signal 
system described in U.S. Pat. No. 7,561,048 can be success 
fully deployed on LF, VLF and other bands because its rang 
ing signal bandwidth is far below the carrier frequency value; 
2) at lower end of RF spectrum (some VLF, LF, HF and VHF 
bands), e.g., up to UHF band, conventional location-finding 
systems cannot be used because the FCC severely limits the 
allowable channel bandwidth (12-25 kHz), which makes it 
impossible to use conventional ranging signals. Unlike con 
ventional location-finding systems, the narrow-bandwidth 
ranging signal system's ranging signal bandwidth is fully 
compliant with FCC regulations and other international spec 
trum regulatory bodies; and 3) it is well known (see MRI: the 
basics, by Ray H. Hashemi, William G. Bradley ... —2003) 
that independently of operating frequency/band, a narrow 
bandwidth signal has inherently higher SNR (Signal-to 
Noise-Ratio) as compared to a wide-bandwidth signal. This 
increases the operating range of the narrow-bandwidth rang 
ing signal location-finding system independently of the fre 
quency/band it operates, including UHF band. 

Thus, unlike conventional location-finding systems, the 
narrow-bandwidth ranging signal location-finding system 
can be deployed on lower end of the RF spectrum for 
example VHF and lower frequencies bands, down to LF/VLF 
bands, where the multipath phenomena is less pronounced. At 
the same time, the narrow-bandwidth ranging location-find 
ing system can be also deployed on UHF band and beyond, 
improving the ranging signal SNRand, as a result, increasing 
the location-finding system operating range. 

To minimize multipath, e.g., RF energy reflections, it is 
desirable to operate on VLF/LF bands. However, at these 
frequencies the efficiency of a portable/mobile antenna is 
very small (about 0.1% or less because of small antenna 
length (size) relative to the RF wave length). In addition, at 
these low frequencies the noise level from natural and man 
made sources is much higher than on higher frequencies/ 
bands, for example VHF. Together, these two phenomena 
may limit the applicability of location-finding system, e.g. its 
operating range and/or mobility/portability. Therefore, for 
certain applications where operating range and/or mobility/ 
portability are very important a higher RF frequencies/bands 
may be used, for example HF, VHF, UHF and UWB. 
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10 
At VHF and UHF bands, the noise level from natural and 

manmade sources is significantly lower compared to VLF, LF 
and HF bands; and at VHF and HF frequencies the multi-path 
phenomena (e.g., RF energy reflections) is less severe than at 
UHF and higher frequencies. Also, at VHF, the antenna effi 
ciency is significantly better, than on HF and lower frequen 
cies, and at VHF the RF penetration capabilities are much 
better than at UHF. Thus, the VHF band provides a good 
compromise for mobile/portable applications. On the other 
hand in some special cases, for example GPS where VHF 
frequencies (or lower frequencies) cannot penetrate the iono 
sphere (or get deflected/refracted), the UHF can be a good 
choice. However, in any case (and all cases/applications) the 
narrow-bandwidth ranging signal system will have advan 
tages over the conventional wide-bandwidth ranging signal 
location-finding systems. 
The actual application(s) will determine the exact technical 

specifications (such as power, emissions, bandwidth and 
operating frequencies/band). Narrow bandwidth ranging 
allows the user to either receive licenses or receive exemption 
from licenses, or use unlicensed bands as set forth in the FCC 
because narrow band ranging allows for operation on many 
different bandwidths/frequencies, including the most strin 
gent narrow bandwidths: 6.25 kHz, 11.25 kHz, 12.5 kHz, 25 
kHz and 50 kHz, set forth in the FCC and comply with the 
corresponding technical requirements for the appropriate sec 
tions. As a result, multiple FCC sections and exemptions 
within such sections will be applicable. The primary FCC 
Regulations that are applicable are: 47 CFR Part 90-Private 
Land Mobile Radio Services, 47 CFR Part 94 personal Radio 
Services, 47 CFR Part 15 Radio Frequency Devices. (By 
comparison, a wideband signal in this context is from several 
hundred KHZ up to 10-20 MHz.) 

Typically, for Part 90 and Part 94, VHF implementations 
allow the user to operate the device up to 100 mW under 
certain exemptions (Low Power Radio Service being an 
example). For certain applications the allowable transmitted 
power at VHF band is between 2 and 5 Watts. For 900 MHz 
(UHF band) it is 1 W. On 160 kHz-190 kHz frequencies (LF 
band) the allowable transmitted power is 1 Watt. 

Narrow band ranging can comply with many if not all of the 
different spectrum allowances and allows for accurate rang 
ing while still complying with the most stringent regulatory 
requirements. This holds true not just for the FCC, but for 
other international organizations that regulate the use of spec 
trum throughout the world, including Europe, Japan and 
Korea. 
The following is a list of the common frequencies used, 

with typical power usage and the distance the tag can com 
municate with another readerina real world environment (see 
Indoor Propagation and Wavelength Dan Dobkin, WJ Com 
munications, V 1.4 Jul. 10, 2002): 

91S MHz 100 W 150 feet 
2.4 GHz 100 W 100 feet 
5.6 Ghz 100 W 75 feet 

The proposed system works at VHF frequencies and 
employs a proprietary method for sending and processing the 
RF signals. More specifically, it uses DSP techniques and 
software-defined radio (SDR) to overcome the limitations of 
the narrow bandwidth requirements at VHF frequencies. 

Operating at lower (VHF) frequencies reduces scatter and 
provides much better wall penetration. The net result is a 
roughly ten-fold increase in range over commonly used fre 
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quencies. Compare, for example, the measured range of a 
prototype to that of the RFID technologies listed above: 

216 MHz 100mw 700 feet 

Utilizing narrow band ranging techniques, the range of 
commonly used frequencies, with typical power usage and 
the distance the tag communication range will be able to 
communicate with another reader in a real world environment 
would increase significantly: 

From: To: 

91S MHz 100 W 150 feet 500 feet 
2.4 GHz 100 W 100 feet 450 feet 
5.6 Ghz 100 W 75 feet 400 feet 

Battery consumption is a function of design, transmitted 
power and the duty cycle of the device, e.g., the time interval 
between two consecutive distance (location) measurements. 
In many applications the duty cycle is large, 10x to 1000x. In 
applications with large duty cycle, for example 100x, an 
FPGA version that transmits 100 mW of power will have an 
up time of approximately three weeks. An ASIC based ver 
sion is expected to increase the up time by 10x. Also, ASICs 
have inherently lower noise level. Thus, the ASIC-based ver 
sion may also increase the operating range by about 40%. 

Those skilled in the art will appreciate that the embodiment 
does not compromise the system long operating range while 
significantly increases the location-finding accuracy in RF 
challenging environments (such as, for example, buildings, 
urban corridors, etc.) 

Typically, tracking and location systems employ Track 
Locate-Navigate methods. These methods include Time-Of 
Arrival (TOA), Differential-Time-Of-Arrival (DTOA) and 
combination of TOA and DTOA. Time-Of-Arrival (TOA) as 
the distance measurement technique is generally described in 
U.S. Pat. No. 5,525,967. A TOA/DTOA-based system mea 
sures the RF ranging signal Direct-Line-Of-Site (DLOS) 
time-of-flight, e.g., time-delay, which is then converted to a 
distance range. 

In case of RF reflections (e.g., multi-path), multiple copies 
of the RF ranging signal with various delay times are Super 
imposed onto the DLOS RF ranging signal. A track-locate 
system that uses a narrow bandwidth ranging signal cannot 
differentiate between the DLOS signal and reflected signals 
without multi-path mitigation. As a result, these reflected 
signals induce an error in the estimated ranging signal DLOS 
time-of-flight, which, in turn, impacts the range estimating 
accuracy. 
The embodiment advantageously uses the multi-path miti 

gation processor to separate the DLOS signal and reflected 
signals. Thus, the embodiment significantly lowers the error 
in the estimated ranging signal DLOS time-of-flight. The 
proposed multi-path mitigation method can be used on all RF 
bands. It can also be used with wide bandwidth ranging signal 
location-finding systems. And it can Support various modu 
lation/demodulation techniques, including Spread Spectrum 
techniques, such as DSS (Direct Spread Spectrum) and FH 
(Frequency Hopping). 

Additionally, noise reduction methods can be applied in 
order to further improve the methods accuracy. These noise 
reduction methods can include, but are not limited to, coher 
ent Summing, non-coherent Summing, Matched filtering, 
temporal diversity techniques, etc. The remnants of the multi 
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12 
path interference error can be further reduced by applying the 
post-processing techniques, such as, maximum likelihood 
estimation (like.g., Viterbi Algorithm), minimal variance esti 
mation (Kalman Filter), etc. 
The embodiment can be used in Systems with simplex, 

half-duplex and full duplex modes of operation. Full-duplex 
operation is very demanding in terms of complexity, cost and 
logistics on the RF transceiver, which limits the system oper 
ating range in portable/mobile device implementations. In 
half-duplex mode of operation the reader (often referred to as 
the “master) and the tags (sometimes also referred to as 
“slaves” or “targets’) are controlled by a protocol that only 
allows the master or the slave to transmit at any given time. 
The alternation of sending and receiving allows a single 

frequency to be used in distance measurement. Such an 
arrangement reduces the costs and complexity of the system 
in comparison with full duplex systems. The simplex mode of 
operation is conceptually simpler, but requires a more rigor 
ous synchronization of events between master and target 
unit(s), including the start of the ranging signal sequence. 

In present embodiments the narrow bandwidth ranging 
signal multi-path mitigation processor does not increase the 
ranging signal bandwidth. It uses different frequency compo 
nents, advantageously, to allow propagation of a narrow 
bandwidth ranging signal. Further ranging signal processing 
can be carried out in the frequency domain by way of employ 
ing Super resolution spectrum estimation algorithms (MU 
SIC, rootMUSIC, ESPRIT) and/or statistical algorithms like 
RELAX, or in time-domain by assembling a synthetic rang 
ing signal with a relatively large bandwidth and applying a 
further processing to this signal. The different frequency 
component of narrow bandwidth ranging signal can be 
pseudo randomly selected, it can also be contiguous or spaced 
apart in frequency, and it can have uniform and/or non-uni 
form spacing in frequency. 
The embodiment expands multipath mitigation technol 

ogy. The signal model for the narrowband ranging is a com 
plex exponential (as introduced elsewhere in this document) 
whose frequency is directly proportional to the delay defined 
by the range plus similar terms whose delay is defined by the 
time delay related to the multipath. The model is independent 
of the actual implementation of the signal structure, e.g., 
stepped frequency, Linear Frequency Modulation, etc. 
The frequency separation between the direct path and mul 

tipath is nominally extremely small and normal frequency 
domain processing is not sufficient to estimate the direct path 
range. For example a stepped frequency ranging signal at a 
100 KHZ stepping rate over 5 MHz at a range of 30 meters 
(100.07 nanoseconds delay) results in a frequency of 
0.062875 radians/sec. A multipath reflection with a path 
length of 35 meters would result in a frequency of 0.073355. 
The separation is 0.0104792. Frequency resolution of the 50 
sample observable has a native frequency resolution of 
0.12566 Hz. Consequently it is not possible to use conven 
tional frequency estimation techniques for the separation of 
the direct path from the reflected path and accurately estimate 
the direct path range. 
To overcome this limitation the embodiments use a unique 

combination of implementations of Subspace decomposition 
high resolution spectral estimation methodologies and mul 
timodal cluster analysis. The Subspace decomposition tech 
nology relies on breaking the estimated covariance matrix of 
the observed data into two orthogonal Subspaces, the noise 
Subspace and the signal Subspace. The theory behind the 
Subspace decomposition methodology is that the projection 
of the observable onto the noise subspace consists of only the 



US 9,288,623 B2 
13 

noise and the projection of the observable onto the signal 
Subspace consists of only the signal. 
The Super resolution spectrum estimation algorithms and 

RELAX algorithm are capable of distinguishing closely 
placed frequencies (sinusoids) in spectrum in presence of 
noise. The frequencies do not have to be harmonically related 
and, unlike the Digital Fourier Transform (DFT), the signal 
model does not introduce any artificial periodicity. For a 
given bandwidth, these algorithms provide significantly 
higher resolution than Fourier Transform. Thus, the Direct 
Line Of Sight (DLOS) can be reliably distinguished from 
other multi-paths (MP) with high accuracy. Similarly, apply 
ing the thresholded method, which will be explained later, to 
the artificially produced synthetic wider bandwidth ranging 
signal makes it possible to reliably distinguish DLOS from 
other paths with high accuracy. 

In accordance with the embodiment, the Digital signal 
processing (DSP), can be employed by the multi-path miti 
gation processor to reliably distinguish the DLOS from other 
MP paths. A variety of super-resolution algorithms/tech 
niques exist in the spectral analysis (spectrum estimation) 
technology. Examples include Subspace based methods: 
MUltiple SIgnal Characterization (MUSIC) algorithm or 
root-MUSIC algorithm, Estimation of Signal Parameters via 
Rotational Invariance Techniques (ESPRIT) algorithm, 
Pisarenko Harmonic Decomposition (PHD) algorithm, 
RELAX algorithm, etc. 

In all of the abovementioned Super-resolution algorithms 
the incoming (i.e., received) signal is modeled as a linear 
combination of complex exponentials and their complex 
amplitudes of frequencies. In case of a multi-path, the 
received signal will be as follows: 

(1) 

where Bxe' is the transmitted signal, f is the operating 
frequency, L is the number of multi-path components, and 
C-Clxe' and t are the complex attenuation and propa 
gation delay of the K-th path, respectively. The multi-path 
components are indexed so that the propagation delays are 
considered in ascending order. As a result, in this model to 
denotes the propagation delay of the DLOS path. Obviously, 
the to value is of the most interest, as it is the smallest value of 
all t. The phase 0 is normally assumed random from one 
measurement cycle to another with a uniform probability 
density function U (0.2 t). Thus, we assume that C const 
(i.e., constant value) 

Parameters C and T are random time-variant functions 
reflecting motions of people and equipment in and around 
buildings. However, since the rate of their variations is very 
slow as compared to the measurement time interval, these 
parameters can be treated as time-invariant random variables 
within a given measurement cycle. 

All these parameters are frequency-dependent since they 
are related to radio signal characteristics, such as, transmis 
sion and reflection coefficients. However, in the embodiment, 
the operating frequency changes very little. Thus, the above 
mentioned parameters can be assumed frequency-indepen 
dent. 
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Equation (1) can be presented in frequency domain as: 

(2) 

where: A(f) is complex amplitude of the received signal, 
(27txt) are the artificial “frequencies' to be estimated by a 
Super-resolution algorithm and the operating frequency fis 
the independent variable; C is the K-th path amplitude. 

In the equation (2) the Super-resolution estimation of (27tx 
t) and Subsequently t values are based on continuous fre 
quency. In practice, there is a finite number of measurements. 
Thus, the variable f will not be a continuous variable, but 
rather a discrete one. Accordingly, the complex amplitude 
A(f) can be calculated as follows: 

(3) 
A(f) = y axe (*k in, 

where A(f) are discrete complex amplitude estimates (i.e., 
measurements) at discrete frequencies f, 

Inequation (3) A(f) can be interpreted as an amplitude and 
a phase of a sinusoidal signal of frequency f. after it propa 
gates through the multi-path channel. Note that all spectrum 
estimation based Super-resolution algorithms require com 
plex input data (i.e. complex amplitude). 

In some cases, it is possible to convert real signal data, e.g. 
Re(A(f)), into a complex signal (e.g., analytical signal). For 
example, such a conversion can be accomplished by using 
Hilbert transformation or other methods. However, in case of 
short distances the value to is very small, which results in very 
low (23 LXT) “frequencies'. 

These low “frequencies’ create problems with Hilbert 
transform (or other methods) implementations. In addition, if 
only amplitude values (e.g., Re(A(f)) are to be used, then the 
number of frequencies to be estimated will include not only 
the (2LXT) “frequencies, but also theirs combinations. As a 
rule, increasing the number of unknown frequencies impacts 
the accuracy of the Super-resolution algorithms. Thus, reli 
able and accurate separation of DLOS path from other multi 
path (MP) paths requires complex amplitude estimation. 
The following is a description of a method and the multi 

path mitigation processor operation during the task of obtain 
ing complex amplitude A(f) in presence of multi-path. Note 
that, while the description is focused on the half-duplex mode 
of operation, it can be easily extended for the full-duplex 
mode. The simplex mode of operation is a subset of the 
half-duplex mode, but would require additional events syn 
chronization. 

Inhalf-duplex mode of operation the reader (often referred 
to as the “master) and the tags (also referred to as “slaves” or 
“targets’) are controlled by a protocol that only allows the 
master or the slave to transmit at any given time. In this mode 
of operation the tags (target devices) serve as Transponders. 
The tags receive the ranging signal from a reader (master 
device), store it in the memory and then, after certain time 
(delay), re-transmit the signal back to the master. 
An example of ranging signal is shown in FIG. 1 and FIG. 

1A. The exemplary ranging signal employs different fre 
quency components that are contiguous. Other waveforms, 
including pseudo random, spaced in frequency and/or time or 
orthogonal, etc. can be also used for as long as the ranging 
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signal bandwidth remains narrow. In FIG. 1 the time duration 
T, for every frequency component is long enough to obtain the 
ranging signal narrow-bandwidth property. 

Another variation of a ranging signal with different fre 
quency components is shown on FIG. 2. It includes multiple 
frequencies (fi, f. f. f. f.) transmitted over long period of 
time to make individual frequencies narrow-band. Such sig 
nal is more efficient, but it occupies in a wide bandwidth and 
a wide bandwidth ranging signal impacts the SNR, which, in 
turn, reduces the operating range. Also, Such wide bandwidth 
ranging signal will violate FCC requirements on the VHF 
band or lower frequencies bands. However, in certain appli 
cations this wide-bandwidth ranging signal allows an easier 
integration into existing signal and transmission protocols. 
Also, such a signal decreases the track-locate time. 

These multiple-frequency (fl. f. f. f. f.) bursts may be 
also contiguous and/or pseudo random, spaced in frequency 
and/or time or orthogonal, etc. 
The narrowband ranging mode will produce the accuracy 

in the form of instantaneous wide band ranging while increas 
ing the range at which this accuracy can be realized, com 
pared to wide band ranging. This performance is achieved 
because at a fixed transmit power, the SNR (in the appropriate 
signal bandwidths) at the receiver of the narrow band ranging 
signal is greater than the SNR at the receiver of a wideband 
ranging signal. The SNR gain is on the order of the ratio of the 
total bandwidth of the wideband ranging signal and the band 
width of each channel of the narrow band ranging signal. This 
provides a good trade-off when very rapid ranging is not 
required, e.g., for stationary and slow-moving targets, such as 
a person walking or running. 

Master devices and Tag devices are identical and can oper 
ate either in Master or Transponder mode. All devices include 
data/remote control communication channels. The devices 
can exchange the information and master device(s) can 
remotely control tag devices. In this example depicted in FIG. 
1 during an operation of a master (i.e., reader) multi-path 
mitigation processor originates the ranging signal to tag(s) 
and, after a certain delay, the master/reader receives the 
repeated ranging signal from the tag(s). 

Thereafter, master's multi-path mitigation processor com 
pares the received ranging signal with the one that was origi 
nally sent from the master and determines the A(f) estimates 
in form of an amplitude and a phase for every frequency 
component?, Note that in the equation (3) A(f) is defined for 
one-way ranging signal trip. In the embodiment the ranging 
signal makes a round-trip. In other words, it travels both 
ways: from a master/reader to a target/slave and from the 
target/slave back to the master/reader. Thus, this round-trip 
signal complex amplitude, which is received back by the 
master, can be calculated as follows: 

There are many techniques available for estimating the 
complex amplitude and phase values, including, for example, 
matching filtering |A(f) and Z.A(f). According to the 
embodiment, a complex amplitude determination is based on 
|A(f) values derived from the master and/or tag receiver 
RSSI (Received Signal Strength Indicator) values. The phase 
values ZA, (f) are obtained by comparing the received by a 
reader/master returned base-band ranging signal phase and 
the original (i.e., sent by reader/master) base band ranging 
signal phase. In addition, because masterandtag devices have 
independent clock systems a detailed explanation of devices 
operation is augmented by analysis of the clock accuracy 
impact on the phase estimation error. As the above description 
shows, the one-way amplitude A(f) values are directly 
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obtainable from target/slave device. However, the one-way 
phase Z.A(f) values cannot be measured directly. 

In the embodiment, the ranging base band signal is the 
same as the one depicted in FIG. 1. However, for the sake of 
simplicity, it is assumed herein that the ranging base band 
signal consists of only two frequency components each con 
taining multiple periods of cosine or sine waves of different 
frequency: F and F. Note that F=f, and F. f. The number 
of periods in a first frequency component is Land the number 
of periods in a second frequency component is P. Note that L 
may or may not be equal to P. because for T, constant each 
frequency component can have different number of periods. 
Also, there is no time gap between each frequency compo 
nent, and both F and F start from the initial phase equal to 
ZO. 

FIGS. 3A, 3B and 3C depict block diagrams of a master or 
a slave unit (tag) of an RF mobile tracking and locating 
system. Fis refers to the frequency of the device system 
clock (crystal oscillator 20 in FIG. 3A). All frequencies gen 
erated within the device are generated from this system clock 
crystal oscillator. The following definitions are used: M is a 
master device (unit); AM is a tag (target) device (unit). The 
tag device is operating in the transponder mode and is referred 
to as transponder (AM) unit. 

In the preferred embodiment the device consists of the RF 
front-end and the RF back-end, base-band and the multi-path 
mitigation processor. The RF back-end, base-band and the 
multi-path mitigation processor are implemented in the 
FPGA150 (see FIGS. 3B and 3C). The system clock genera 
tor 20 (see FIG. 3A) oscillates at: Fs 20 MHz; or 
cos-2IX20x10°. This is an ideal frequency because in 
actual devices the system clocks frequencies are not always 
equal to 20 MHz: Fs—Fsy'; Fas'-F sy'. 
Note that 

i i M FOsc a fast. and 
Fosc Fosc 

p" = , B" = - yM yAM 

It should be noted that other than 20 MHz Fs, frequencies 
can be used without any impact on system performance. 

Both units (master and tag) electronic makeup is identical 
and the different modes of operations are software program 
mable. The base band ranging signal is generated in digital 
format by the master FPGA 150, blocks 155-180 (see FIG. 
2B). It consists of two frequency components each containing 
multiple periods of cosine or sine waves of different fre 
quency. At the beginning, t—0, the FPGA 150 in a master 
device (FIG.3B) outputs the digital base-band ranging signal 
to its up-converter 50 via I/Q DACs 120 and 125. The FPGA 
150 starts with F frequency and after time T start generating 
F2 frequency for time duration of T. 

Since crystal oscillators frequency might differ from 20 
MHz the actual frequencies generated by the FPGA will be 
Fly' and F.Y. Also, time T will be T. B and T will be 
TB'. IT is also assumed that T. T. F. F. are such that 
Fly''T B-FT and Fy'TR-FT, where both F.T. & 
F.T. are integer numbers. That means that the initial phases 
of F and F are equal to Zero. 

Since all frequencies are generated from the system crystal 
oscillator 20 clocks, the master base-band I/O DAC(s) 120 
and 125 outputs areas follows: F, -y 20x10'xK, and F=y 
20x10'xK, where Ke and Kr, are constant coefficients. 
Similarly, the output frequencies TX LO and RX LO from 



US 9,288,623 B2 
17 

frequency synthesizer 25 (LO signals for mixers 50 and 85) 
can be expressed through constant coefficients. These con 
stant coefficients are the same for the master (M) and the 
transponder (AM)—the difference is in the system crystal 
oscillator 20 clock frequency of each device. 
The master (M) and the transponder (AM) work in a half 

duplex mode. Master's RF front-end up-converts the base 
band ranging signal, generated by the multi-path mitigation 
processor, using quadrature up-converter (i.e., mixer) 50 and 
transmits this up-converted signal. After the base-band signal 
is transmitted the master switches from TX to RX mode using 
RF Front-end TX/RX Switch 15. The transponder receives 
and down-converts the received signal back using its RF 
Front-end mixer 85 (producing First IF) and ADC 140 (pro 
ducing Second IF). 

Thereafter, this second IF signal is digitally filtered in the 
Transponder RF back-end processor using digital filters 190 
and further down-converted to the base-band ranging signal 
using the RF back-end quadrature mixer 200, digital I/O 
filters 210 and 230, a digital quadrature oscillator 220 and a 
Summer 270. This base-band ranging signal is stored in the 
transponder's memory 170 using Ram Data Bus Controller 
195 and control logic 180. 

Subsequently, the transponder switches from RX to TX 
mode using RF front-end switch 15 and after certain delay 
to begins re-transmitting the stored base-band signal. Note 
that the delay is measured in the AM (transponder) system 
clock. Thus, t'=t-f'. The master receives the tran 
sponder transmission and down-converts the received signal 
back to the base-band signal using its RF back-end quadrature 
mixer 200, the digital I and Q filters 210 and 230, the digital 
quadrature oscillator 220 (see FIG. 3C). 

Thereafter, the master calculates the phase difference 
between F and F in the received (i.e., recovered) base-band 
signal using multi-path mitigation processor arctan block 250 
and phase compare block 255. The amplitude values are 
derived from the RF back-end RSSI block 240. 

For improving the estimation accuracy it is always desir 
able to improve the SNR of the amplitude estimates from 
block 240 and phase difference estimates from block 255. In 
the preferred embodiment the multi-path mitigation proces 
Sor calculates amplitude and phase difference estimates for 
many time instances over the ranging signal frequency com 
ponent duration (T). These values, when averaged, improve 
SNR. The SNR improvement can be in an order that is pro 
portional to VN, where N is a number of instances when 
amplitude and phase difference values were taken (i.e., deter 
mined). 

Another approach to the SNR improvement is to determine 
amplitude and phase difference values by applying matching 
filter techniques over a period of time. Yet, another approach 
would be to estimate the phase and the amplitude of the 
received (i.e., repeated) base band ranging signal frequency 
components by sampling them and integrating over period 
TsT, against the original (i.e., sent by the master/reader) 
base-band ranging signal frequency components in the I/O 
form. The integration has the effect of averaging of multiple 
instances of the amplitude and the phase in the I/O format. 
Thereafter, the phase and the amplitude values can be trans 
lated from the I/O format to the A(f) and ZA(f) format. 

Let's assume that at t=0 under master multi-path proces 
sor control the master base-band processor (both in FPGA 
150) start the base-band ranging sequence. 

where T-T, B. 
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The phase at master’s DAC(s) 120 and 125 outputs are as 
follows: 

(pp4(t)=Yxodoscx (KF (t-tida c))+(pp4(0), 

Note that DACs 120 and 125 have internal propagation delay, 
to', that does not depend upon the system clock. 

Similarly, the transmitter circuitry components 15, 30, 40 
and 50 will introduce additional delay, t', that does not 
depend upon the system clock. 
As a result, the phase of the transmitted RF signal by the 

master can be calculated as follows: 

(prf'(t)=Yxa)oscx (Kr. (T BM) +K.T. ?'-tac 
tax)+Ksy ta(t-ix))+Pe1(0)+ 
(psy (AO).t-T?'--trac'+try 

The RF signal from the master (M) experiences a phase 
shift (p' that is a function of the multi-path phenomena 
between the master and tag. 
The p' values depend upon the transmitted frequen 

cies, e.g. F and F. The transponder (AM) receiver is not 
able to resolve each path because of limited (i.e., narrow) 
bandwidth of the RF portion of the receiver. Thus, after a 
certain time, for example, 1 microsecond (equivalent to ~300 
meters of flight), when all reflected signals have arrived at the 
receiver antenna, the following formulas apply: 

(pawf'(tYxposix (KF (T BM) KF (t-7.A.p- 
tractity")+KSN ty(t-t')+(pr., -- 
(PD4g'(0)+psy r"(0) to TB'+to+t'+ 
10 

In the AM (transponder) receiver at the first down con 
verter, element 85, an output, e.g. first IF, the phase of the 
signal is as follows: 

(KSYN Rx the TSN ty's)- f 'psyRx (0).10 <tsT3'--t-t- 
tR'; 

Note that the propagation delay t' in the receiver RF 
section (elements 15 and 60-85) does not depend upon the 
system clock. After passing through RF Front-end filters and 
amplifiers (elements 95-110 and 125) the first IF signal is 
sampled by the RF Back-end ADC 140. It is assumed that 
ADC 140 is under-sampling the input signal (e.g., first IF). 
Thus, the ADC also acts like a down-converter producing the 
second IF. The first IF filters, amplifiers and the ADC add 
propagation delay time. At the ADC output (second IF): 
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(6) i i 2X APF7F = pie RECoy (t2) - pie RECoy (t1)- 

KF (Tifi') + Krt - KF Tip" - Krit - 
KFTLB Mf' + KF Tip M f" – 
Kt (TLB AM 6' 6" + trix p") + 
KF (Tib. App" + trix p") 

2x AdFF = 
ph Recoy (12)-ph Recoy (II)-y"x cooscx (Kr, 12 - KF1t - 

(Kr, – KF)x Tip" - (Kr – KF)x Tip up' - 
(Kr, – KF)x (TLB AM 6" p" + trix B')), 

i i 2X APFF = pie RECoy (12) - pie RECoy (t1)- 

y'x cooscx (Kr, 12 - Krit - (Kr – KF)x 
(Tip" - TB M B - T.B. At f8 f3' – tRTxf3)), 

Or, assuming that B'f''-1: 

TD A All.2x10<tis Tit-T M. Aft2-tit-T: (6A) 
From the equation (6) it can be concluded that at operating 

frequency(s) ranging signal(s) complex amplitude values can 
be found from processing the returned base-band ranging 
signal. 
The initial phase value 2x), can be assumed to be 

equal Zero because the Subspace algorithms are not sensitive 
to a constant phase offset. If necessary, the 2xpe' value 
(phase initial value) can be found by determining the TOA 
(Time Of Arrival) using the narrow-bandwidth ranging signal 
method as described in U.S. Pat. No. 7,561,048, incorporated 
herein by reference in its entirety. This method estimates the 
ranging signal round trip delay, which is equal to 2xTerzf 
and the 2xpMULT value can be found from the following 
equation: 

a. 

2xb.". -2x BxYxcoosex (KSYN Tx+KF)x(TFLT). 

Or: 

In the preferred embodiment, the returned base-band rang 
ing signal phase values (paa recor(t) are calculated by the 
multi-path processor's arctan block 250. To improve SNR, 
the multi-path mitigation processor phase compare block 255 
calculates 2XAPre-Pap Recov'(t,n)-Paa recov'(t) for 
many instances n (n=2, 3, 4...) using the equation (6A), and 
then average them out to improve SNR. Note that 2x 
10<t,<T--To at t+T, 
From the equations 5 and 6 it becomes apparent that the 

recovered (i.e., received) base-band ranging signal has the 
same frequency as the original base-band signal that was sent 
by the master. Thus, there is no frequency translation despite 
the fact that the master (M) and the transponder (AM) system 
clocks can differ. Because the base-band signal consists of 
several frequency components, each component is consists of 
multiple periods of a sinusoid, it is also possible to estimate 
the phase and the amplitude of the received ranging signal by 
sampling the received base-band signal individual compo 
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nent frequency with the corresponding original (i.e., sent by 
the master) base-band signal individual frequency compo 
nent and integrating the resulting signal over period TsT. 

This operation generates complex amplitude values A. 
(f) of received ranging signal in the I/O format. Note that 
each base-band signal individual frequency component that 
was sent by the master has to be shifted in time by the 
T, The integration operation produces effect of aver 
aging out the multiple instances of the amplitude and the 
phase (e.g., increasing the SNR). Note that the phase and the 
amplitude values can be translated from the I/O format to the 
|A(f) and Z.A.(f) format. 

This method of sampling, integrating over period of TsT, 
and subsequent conversion from the I/Q format to the IA(f) 
and Z.A(f) format can be implemented in the phase compare 
block 255 in FIG.3C. Thus, depending upon the block's 255 
design and implementation, either the method of the preferred 
embodiment, based on the equation (5), or an alternative 
method, described in this section, can be used. 

Although the ranging signal bandwidth is narrow, the fre 
quency difference f-f can be relatively large, for example, 
in an order of several megahertz. As a result, the receiver's 
bandwidth has to be kept wide enough to pass all of the f:f, 
ranging signal frequencies components. This wide receiver 
bandwidth impacts the SNR. To reduce the receiver effective 
bandwidth and improve the SNR, the received ranging signal 
base-band frequency components can be filtered by the RF 
back-end processor in FPGA150 by the digital narrow band 
width filters tuned for each individual frequency component 
of the received base-band ranging signal. However, this large 
number of digital filters (the number of filters equals to the 
number of individual frequency components, n) puts addi 
tional burden on the FPGA resources, increasing its cost, size 
and power consumption. 

In the preferred embodiment only two narrow bandwidth 
digital filters are used: one filter is always tuned for f fre 
quency component and the other filter can be tuned for all 
other frequencies components: f:f. Multiple instances of 
ranging signal are sent by the master. Each instance consists 
of only two frequencies: f:f:f:f ..., f:f ..., f:f. Similar 
strategies are also possible. 

Please note that it is also entirely possible to keep the 
base-band ranging signal components to only two (or even 
one) generating the rest of the frequency components by 
adjusting the frequency synthesizers, e.g. changing Ksy. It is 
desirable that LO signals for up-converters and down-con 
Verters mixers are generated using the Direct Digital Synthe 
sis (DDS) technology. For high VHF band frequencies this 
can present an undesired burden on the transceiver/FPGA 
hardware. However, for lower frequencies this might be a 
useful approach. Analog frequency synthesizers can also be 
used, but may take additional time to settle after frequency is 
changed. Also, in case of analog synthesizers, two measure 
ments at the same frequency would have to be made in order 
to cancel a phase offset that might develop after changing the 
analog synthesizers frequency. 
The actual T, a that is used in the above equations is 

measured in both: the master (M) and the transponder (AM) 
Systems clocks, e.g. Ti 4 and trix are counted in the tran 
sponder (AM) clocks and T, is counted in the master (M) 
clock. However, when 2xA?per, is calculated both: T, . 
and t are measured (counted) in master (M) clock. This 
introduces an error: 
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The phase estimation error (7) impacts the accuracy. 
Therefore, it is necessary to minimize this error. If B'?', 
in other words, all master(s) and transponders (tags) system 
clocks are synchronized, then the contribution from the to 
time is eliminated. 

In the preferred embodiment, the master and the transpon 
der units (devices) are capable of synchronizing clocks with 
any of the devices. For example, a master device can serve as 
a reference. Clock synchronization is accomplished by using 
the remote control communication channel, whereby under 
FPGA 150 control, the frequency of temperature compen 
sated crystal oscillator TCXO 20 is adjusted. The frequency 
difference is measured at the output of the summer 270 of the 
master device while the selected transponder device is trans 
mitting a carrier signal. 

Thereafter, the master sends a command to the transponder 
to increase/decrease TCXO frequency. This procedure may 
be repeated several times to achieve greater accuracy by mini 
mizing frequency at the summer 270 output. Please note that 
in an ideal case the frequency at the summer 270 output 
should become equal to Zero. An alternative method is to 
measure the frequency difference and make a correction of 
the estimated phase without adjusting the transponder 
TCXO frequency. 

While B-?3' can be considerably reduced there is a 
phase estimation error when f321. In this case the margin of 
error depends upon a long term stability of the reference 
device (usually master (M)) clock generator. In addition, the 
process of clock synchronization may take considerable 
amount of time, especially with large number of units in the 
field. During the synchronization process the track-locate 
system becomes partially or fully inoperable, which nega 
tively impacts the system readiness and performance. In this 
case the abovementioned method that does not require the 
transponder TCXO frequency adjustment is preferred. 

Commercially available (off the shelf) TCXO components 
have high degree of accuracy and stability. Specifically, 
TCXO components for the GPS commercial applications are 
very accurate. With these devices, the phase error impact on 
locating accuracy can be less than one meter without the need 
for frequent clock synchronization. 

After narrow bandwidth ranging signal multi-path mitiga 
tion processor obtains the returned narrow bandwidth ranging 
signal complex amplitude A(f), the further processing 
(i.e., execution of Super-resolution algorithms), is imple 
mented in the Software-based component, which is a part of 
the multi-path mitigation processor. This software compo 
nent can be implemented in the master (reader) host computer 
CPU and/or the microprocessor that is embedded in the 
FPGA 150 (not shown). In the preferred embodiment the 
multi-path mitigation algorithm(s) software component is 
executed by the master host computer CPU. 
The Super-resolution algorithm(s) produce estimation of 

(2LXT) “frequencies, e.g. t values. At the final step the 
multi-path mitigation processor selects T with the Smallest 
value (i.e., the DLOS delay time). 

In certain cases where the ranging signal narrow bandwidth 
requirements are somewhat relaxed, the DLOS path can be 
separated from MP paths by employing a continuous (in time) 
chirp. In the preferred embodiment this continuous chirp is 
Linear Frequency Modulation (LFM). However, other chirp 
waveforms can be also used. 

Let's assume that under multi-path mitigation processor 
control a chirp with bandwidth of B and duration of T is 
transmitted. That gives a chirp rate of 
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radians per second. Multiple chirps are transmitted and 
received back. Note that chirps signals are generated digitally 
with each chirp started at the same phase. 

In the multi-path processor each received single chirp is 
aligned so that the returned chirp is from the middle of the 
area of interest. 
The chirp waveform equation is: 

s(t)=exp(i(coot-fit)), where coo is the initial frequency 
for O<igT. 

For a single delay round-trip t, e.g. no multi-path, the 
returned signal (cirp) is S(t-t'). 
The multi-path mitigation processor then “deramps the 

S(t-t') by performing complex conjugate mix with the origi 
nally transmitted chirp. The resulting signal is a complex 
sinusoid: 

where exp(-iwot) is the amplitude and 2Bt is the frequency 
and Osts.T. Note that the last term is a phase and it is negli 
gible. 

In case of multi-path, the composite deramped signal con 
sists of multiple complex sinusoids: 

(9) 

where L is the number of ranging signal paths, including the 
DLOS path and Osts.T. 

Multiple chirps are transmitted and processed. Each chirp 
is individually treated/processed as described above. There 
after, the multi-path mitigation processor assembles results of 
individual chirps processing: 

P(t - inp) 
(10) 

X 

where N is the number of chirps, 

p=T+t, t, is the dead time Zone between two consecu 
tive chirps; 2Bt. are artificial delay “frequencies’. Again, the 
most interesting is the lowest “frequency', which corre 
sponds to the DLOS path delay. 

In the equation (10) f'(t) can be thought of as Nsamples 
of a sum of complex sinusoids at times: 

Osts Tit-pit-2p . . . ;i, i+ 
(N-1)p:m 60:m-1: 

Thus, the number of samples can be a multiple of N, e.g. CN: 
C-1, 2, . . . . 
From the equation (10) the multi-path mitigation processor 

produces C.N complex amplitude samples in time domain that 
are used in further processing (i.e., execution of Super-reso 
lution algorithms). This further processing is implemented in 
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the Software component, which is a part of the multi-path 
mitigation processor. This software component can be 
executed by the master (reader) host computer CPU and/or by 
the microprocessor that is embedded in the FPGA 150 (not 
shown), or both. In the preferred embodiment the multi-path 
mitigation algorithm(s) software is executed by the master 
host computer CPU. 

The Super-resolution algorithm(s) produce estimation of 
2Bt, “frequencies', e.g. t values. At the final step the multi 
path mitigation processor selects twith the Smallest value, i.e. 
the DLOS delay time. 
An explanation will be given of a special processing 

method, called the “threshold technique,” which can serve as 
an alternative to the Super-resolution algorithms. In other 
words, it is used to enhance reliability and accuracy in distin 
guishing DLOS path from other MP paths using the artifi 
cially generated synthetic wider bandwidth ranging signal. 
The frequency domain base-band ranging signal shown in 

FIG. 1 and FIG. 1A can be converted into time domain base 
band signal s(t): 

sint(2N + 1)Aft (11) 
s(t) = in Af, 

It is readily verified that s(t) is periodic with period 1/At, and 
for any integerk, that s(k/At)=2N+1, which is the peak value 
of the signal. Where n=N in FIG. 1 and FIG. 1A. 

FIG. 4 shows two periods of s(t) for the case where N=11 
and Af 250 kHz. The signal appears as a sequence of pulses 
of height 2N--1-23 separated by 1/Af=4 microseconds. 
Between the pulses is a sinusoidal waveform with varying 
amplitude and 2N zeros. The wide bandwidth of the signal 
can be attributed to the narrowness of the tall pulses. It can be 
also seen that the bandwidth extends from Zero frequency to 
NAf 2.75 MHZ. 
The basic idea of the thresholded method that is used in the 

preferred embodiment is to enhance the artificially generated 
synthetic wider bandwidth ranging reliability and accuracy in 
distinguishing DLOS path from other MP paths. The thresh 
old method detects when the start of the leading edge of a 
wideband pulse arrives at a receiver. Because of filtering in 
the transmitter and receiver, the leading edge does not rise 
instantaneously, but rises out of the noise with Smoothly 
increasing slope. The TOA of the leading edge is measured by 
detecting when the leading edge crosses a predetermined 
threshold T. 
A small threshold is desirable because it gets crossed 

sooner and the error delay thetween the true start of the pulse 
and the threshold crossing is Small. Thus, any pulse replica 
arriving due to multi-path has no effect if the start of the 
replica having a delay greater than T. However, the presence 
of noise places a limit on how small the threshold T can be. 
One way to decrease the delay T is to use the derivative of the 
received pulse instead of the pulse itself, because the deriva 
tive rises faster. The second derivative has an even faster rise. 
Higher order derivatives might be used, but in practice they 
can raise the noise level to an unacceptable value, so the 
thresholded second derivative is used. 

Although the 2.75 MHz wide signal depicted in FIG. 4 has 
a fairly wide bandwidth, it is not suitable for measuring range 
by the abovementioned method. That method requires trans 
mitted pulses each having a Zero-signal precursor. However, 
it is possible to achieve that goal by modifying the signal so 
that the sinusoidal waveform between the pulses is essentially 
cancelled out. In the preferred embodiment it is done by 
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constructing a waveform which closely approximates the sig 
nal on a chosen interval between the tall pulses, and then 
Subtracting it from the original signal. 
The technique can be illustrated by applying it to the signal 

in FIG.1. The two black dots shown on the waveform are the 
endpoints of an interval I centered between the first two 
pulses. The left and right endpoints of the interval I, which 
have been experimentally determined to provide the best 
results, are respectively at: 

1.1 

(2N + 1)Af 23x250,000 
1 1 1.1 

- - - 
F 250,000 23x250,000 

(12) 
i as 191.3 nsec 

i2 = as 3,808.7 nsec 

An attempt to generate a function g(t) which essentially 
cancels out the signal s(t) on this interval, but does not cause 
much harm outside the interval, is performed. Since the 
expression (11) indicates that s(t) is the sinusoid sin L(2N+ 
1)Aft modulated by 1/sin JLAft, first a function h(t) which 
closely approximates 1/sin JLAft on the interval I is found, and 
then form g(t) as the product: 

h(t) is generated by the following Sum: 

i (14) 
h(t) = Xasth (t)dt, t e I 

ik=0 

where 

(po(t)=1.cp.(t) sin kJAfi for k=1,2,....M (15) 

and the coefficients at are chosen to minimize the least-square 
eO 

t2 2 (16) 

over the interval I. 
The solution is readily obtained by taking partial deriva 

tives of J with respect to thea and setting them equal to Zero. 
The result is the linear system of M+1 equations 

i (17) 

Xa. R = Ri, j = 0, 1,2,... M 
ik=0 

that can be solved for the a, where 

t2 t2 (18) 

R = , 1/sintAftdi, R = f(t)q(t)at 
i i 

Then, 

i 

g(t) = h(t)sint(2N + 1)Aft = (). dik ckinton + 1)Aft 
(19) 
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Using the definition of the functions (p(t) given by (12) 

(20) i 

g(t) = (e. +Xa, sinkitA?kinson + 1)Aft k=1 

The g(t) is subtracted from s(t) to get a function r(t), which 
should essentially cancel s(t) on the interval I. As indicated in 
the Appendix, an appropriate choice for the upper limit M for 
the summation in the equation (20) is M=2N+1. Using this 
value and the results from the Appendix, 

2N-- 1 
r(t) = S(t) - g(t) = bo + X b: cos2.itkaft- csin (N -- iAft 

k=1 

(21) 

where 

(22) 

From the equation (17) it is seen that a total of 2N-3 
frequencies (including the Zero-frequency DC term) are 
required to obtain the desired signal r(t). FIG. 5 shows the 
resulting signal r(t) for the original signal s(t) shown in FIG. 
1, where N=11. In this case the construction of r(t) requires 25 
carriers (including the DC term bo). 
The important characteristics of r(t) as constructed above 

are as follows: 
1. The lowest frequency is Zero Hz and the highest fre 

quency is (2N+1)Af HZ, as seen from (14). Thus, the total 
bandwidth is (2N+1)AfHz. 

2. All carriers are cosine functions (including DC) spaced 
Af apart, except for one carrier, which is a sine function 
located at frequency (N+/2)Af. 

3. Although the original signal s(t) has period 1/Af, r(t) has 
period 2/Af. The first half of each period of r(t), which is a full 
period of S(t), contains a cancelled portion of the signal, and 
the second half-period of r(t) is a large oscillatory segment. 
Thus, cancellation of the precursor occurs only in every other 
period of s(t). 

This occurs because the canceling function g(t) actually 
strengthens S(t) in every other period of s(t). The reason is that 
g(t) reverses its polarity at every peak of S(t), whereas S(t) 
does not. A method of making every period of S(t) contain a 
cancelled portion to increase processing gain by 3 dB is 
described below. 

4. The length of the cancelled portion of s(t) is about 
80-90% of 1/Af. Therefore. Afneeds to be small enough to 
make this length long enough to eliminate any residual signal 
from previous non-Zero portions of r(t) due to multi-path. 

5. Immediately following each Zero portion of r(t) is the 
first cycle of an oscillatory portion. In the preferred embodi 
ment, in the TOA measurement method as described above, 
the first half of this cycle is used for measuring TOA, specifi 
cally the beginning of its rise. It is interesting to note that the 
peak value of this first half-cycle (which will be called the 
main peak) is somewhat larger than the corresponding peak of 
S(t) located at approximately the same point in time. The 
width of the first half-cycle is roughly inversely proportional 
to NAf. 
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6. A large amount of processing gain can be achieved by: 
(a) Using the repetitions of the signal r(t), because r(t) is 

periodic with period 2/Af. Also, an additional 3 dB of pro 
cessing gain is possible by a method to be described later. 

(b) Narrowband filtering. Because each of the 2N-3 carri 
ers is a narrowband signal, the occupied bandwidth of the 
signal is much smaller than that of a wideband signal spread 
out across the entire allocated band of frequencies. 

For the signal r(t) shown in FIG. 5, where N=11 and 
Af=250 kHz, the length of the cancelled portion of s(t) is 
about 3.7 microseconds or 1,110 meters. This is more than 
enough to eliminate any residual signal from previous non 
Zero portions of r(t) due to the multi-path. The main peak has 
value of approximately 35, and the largest magnitude in the 
precursor (i.e., cancellation) region is about 0.02, which is 65 
dB below the main peak. This is desirable for getting good 
performance using the TOA measurement thresholded tech 
nique as described above. 
Use offewer carriers is depicted in FIG. 6, which illustrates 

a signal that is generated using Af850 kHz, N=3, and 
M=2N+1=7, for a total of only 2N-3=9 carriers. In this case, 
the period of the signal is only 2/Afs2.35 microseconds as 
compared to the signal in FIG. 5, where the period is 8 
microseconds. Since this example has more periods per unit 
time, one might expect that more processing gain could be 
achieved. 

However, since fewer carriers are used, the amplitude of 
the main peak is about /3 as large as before, which tends to 
cancel the expected extra processing gain. Also, the length of 
the Zero-signal precursor segments is shorter, about 0.8 
microseconds or 240 meters. This should still be enough to 
eliminate any residual signal from previous non-zero portions 
of r(t) due to the multi-path. Note that the total bandwidth of 
(2N+1)Af=5.95 MHz is about the same as before, and that the 
width of the half-cycle of the main peak is also roughly the 
same. Since fewer carriers are used, there should be some 
extra processing gain when each carrier is narrowband fil 
tered at the receiver. Moreover, the largest magnitude in the 
precursor (i.e., cancellation) region is now about 75 dB below 
the main peak, a 10 dB improvement from the previous 
example. 

Transmission at RF Frequencies: up to this point r(t) has 
been described as a base-band signal for purposes of simplic 
ity. However, it can be translated up to RF, transmitted, 
received, and then reconstituted as a base-band signal at the 
receiver. To illustrate, consider what happens to one of the 
frequency components () in the base-band signal r(t) travel 
ing via one of the multi-path propagation paths having index 
j (radian/sec frequencies are used for notational simplicity): 

be cos of (at baseband in transmitter) 

be cos(Co+(0)i (translated by frequency () up to RF) 

a,b cos(a)-H(0)(t-t')+(p.) (at receiver antenna) 

a,b cos (a)(t-t')+(p+0 (translated by frequency -() 
to baseband) (23) 

It is assumed here that the transmitter and receiver are 
frequency synchronized. The parameter b is the k" coeffi 
cient in expression (21) for r(t). The parameters t, and p, are 
respectively the path delay and phase shift (due to dielectric 
properties of a reflector) of the j" propagation path. The 
parameter 0 is the phase shift occurring in the down-conver 
sion to base-band in the receiver. A similar sequence of func 
tions can be presented for the sine component of the equation 
(21). 
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It is important to note that as long as the Zero-signal pre 
cursors in r(t) have length sufficiently larger than the largest 
significant propagation delay, the final base-band signal in the 
equation (20) will still have Zero-signal precursors. Ofcourse, 
when all frequency components (index k) over all paths (in 
dexj) are combined, the base-band signal at the receiver will 
be a distorted version of r(t), including all phase shifts. 

Sequential Carrier Transmissions and Signal Reconstruc 
tion are illustrated in FIG. 1 and FIG. 1A. It is assumed that 
the transmitter and the receiver are time and frequency syn 
chronized, the 2N--3 transmitted carriers need not be trans 
mitted simultaneously. As an example, consider the transmis 
sion of the signal whose base-band representation is that of 
FIG. 1A and FIG. 6. 

In FIG. 6 N=3, and suppose each of the 9 frequency com 
ponents for 1 millisecond are sequentially transmitted. The 
start and the end times for each frequency transmission are 
known at the receiver, so it can sequentially start and end its 
reception of each frequency component at those respective 
times. Since the signal propagation time is very short com 
pared to 1 millisecond (it will normally be less than several 
microseconds in the intended application), a small portion of 
each received frequency component should be ignored, and 
the receiver can easily blank it out. 

The entire process of receiving 9 frequency components 
can be repeated in 9-millisecond blocks of additional recep 
tion to increase the processing gain. In one second of total 
reception time there would be about 111 such 9-millisecond 
blocks available for processing gain. Additionally, within 
each block there would be additional processing gain avail 
able from 0.009/(2/Af)s383 main peaks. 

It is worth noting that in general the signal reconstruction 
can be made very economical, and will inherently permit all 
possible processing gain. For each of the 2N+3 received fre 
quencies: 
1. Measure the phase and amplitude of each 1-millisecond 

reception of that frequency to form a sequence of stored 
vectors (phasors) corresponding to that frequency. 

2. Average the stored vectors for that frequency. 
3. Finally, use the 2N-3 vector averages for the 2N-3 fre 

quencies to reconstruct 1 period of base-band signal having 
duration 2/Af, and use the reconstruction to estimate signal 
TOA. 
This method is not restricted to 1-millisecond transmis 

sions, and the length of the transmissions may be increased or 
decreased. However, the total time for all transmissions 
should be short enough to freeze any motion of the receiver or 
transmitter. 

Obtaining Cancellation on Alternate Half-Cycles of r(t): by 
simply reversing the polarity of the canceling function g(t). 
cancellation between the peaks of s(t) is possible where r(t) 
was formerly oscillatory. However, to obtain cancellation 
between all peaks of S(t), the function g(t) and its polarity 
reversed version must be applied at the receiver, and this 
involves coefficient weighting at the receiver. 

Coefficient Weighting at the Receiver: if desired, the coef 
ficients bin the equation (21) are used for construction of r(t) 
at the transmitter and may be introduced at the receiver 
instead. This is easily seen by considering the sequence of 
signals in the equation (20) in which the final signal is the 
same if b is introduced at the last step instead of at the 
beginning Ignoring noise, the values are as follows: 

cos (ot (at baseband in transmitter) 

cos(co--o)t (translated by frequency () up to RF) 

a cos(a)-H(0)(t-t')+(p) (at receiver antenna) 
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a cos(a)(t-t')+(p+0 (translated by frequency -(1) to 

baseband) 

a,b cos(a)(t-t')+(p+0 (weighted by coefficient be at 
baseband) (24) 

The transmitter can then transmit all frequencies with the 
same amplitude, which simplifies its design. It should be 
noted, that this method also weights the noise at each fre 
quency, the effect of which should be considered. It should 
also be noted that coefficient weighting should be done at the 
receiver in order to effect the polarity reversal of g(t) to get 
twice as many useable main peaks. 

Scaling of Afto Center Frequencies in Channels: to meet 
the FCC requirements at the VHF or lower frequencies a 
channelized transmission with constant channel spacing will 
be required. In a channelized transmission band with constant 
channel spacing that is Small compared to the total allocated 
band, which is the case for the VHF and lower frequencies 
band(s), Small adjustments to Af, if necessary, permit all 
transmitted frequencies to be at channel centers without 
materially changing performance from original design val 
ues. In the two examples of base-band signals previously 
presented, all frequency components are multiples of Af/2. So 
if the channel spacing divides Af/2, the lowest RF transmitted 
frequency can be centered in one channel and all other fre 
quencies fall at the center of channels. 

In some Radio Frequency (RF)-based identification, track 
ing and locating systems in addition to performing the dis 
tance measurement function, both: the Master Unit and the 
Tag Unit also perform Voice, data and control communication 
functions. Similarly, in the preferred embodiment both the 
Master Unit and the Tag perform voice, data and control 
communication functions in addition to the distance measure 
ment function. 

According to the preferred embodiment, the ranging 
signal(s) are subject to the extensive Sophisticated signal pro 
cessing techniques, including the multi-path mitigation. 
However, these techniques may not lend themselves to the 
Voice, data and control signals. As a result, the operating 
range of the proposed system (as well as other existing sys 
tems) may be limited not by its ability to measure distance 
reliably and accurately, but by being out of range during Voice 
and/or data and/or control communications. 

In other Radio Frequency (RF)-based identification, track 
ing and locating systems the distance measurement function 
ality is separated from the Voice, data and control communi 
cation functionality. In these systems separate RF 
Transceivers are used to perform Voice, data and control 
communication functions. The drawback of this approach is 
system increased cost, complexity, size, etc. 
To avoid abovementioned drawbacks, in the preferred 

embodiment, a narrow bandwidth ranging signal or base 
band narrow bandwidth ranging signal several individual fre 
quency components are modulated with the identical data/ 
control signals and in case of Voice with digitized Voice 
packets data. At the receiver the individual frequency com 
ponents that have the highest signal strength are demodulated 
and the obtained information reliability may be further 
enhanced by performing “voting or other signal processing 
techniques that utilize the information redundancy. 

This method allows to avoid the “null phenomena, 
wherein the incoming RF signals from multiple paths are 
destructively combining with the DLOS path and each other, 
thus significantly reducing the received signal strength and 
associated with it SNR. Moreover, such method allows to find 
a set of frequencies at which the incoming signals from mul 
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tiple paths are constructively combining with DLOS path and 
each other, thus increasing the received signal strength and 
associated with it SNR. 
As mentioned earlier, spectrum estimation-based Super 

resolution algorithms generally use the same model: a linear 
combination of complex exponentials and their complex 
amplitudes of frequencies. This complex amplitude is given 
by equation 3 above. 

All spectrum estimation-based Super-resolution algo 
rithms require a priori knowledge of number of complex 
exponentials, i.e., the number of multipath paths. This num 
ber of complex exponentials is called the model size and is 
determined by the number of multi-path components L as 
shown in equations 1-3. However, when estimating path 
delay, which is the case for RF track-locate applications, this 
information is not available. This adds another dimension, 
i.e., the model size estimation, to the spectrum estimation 
process via Super-resolution algorithms. 

It has been shown (Kei Sakaguchi et al., Influence of the 
Model Order Estimation Error in the ESPRIT Based High 
Resolution Techniques) that in case of model size underesti 
mation the accuracy of frequency estimation is impacted and 
when the model size is overestimated the algorithm generates 
spurious, e.g., non-existent, frequencies. Existing methods of 
model size estimation Such as AIC (Akaikes Information 
Criterion), MDL (Minimum Description Length), etc. have a 
high sensitivity to correlation between signals (complex 
exponentials). But in the case of RF multipath, this is always 
the case. Even, for example, after Forward-Backward 
Smoothing algorithms are applied, there will always be a 
residual amount of correlation. 

In the Sakaguchi paper, it is suggested to use an overesti 
mated model and differentiating actual frequencies (signals) 
from spurious frequencies (signals) by estimating these sig 
nals power (amplitude) and then rejecting the signals with 
very low power. Although this method is an improvement 
over existing methods, it is not guaranteed. The inventors 
implemented the Kei Sakaguchi et al. method and ran simu 
lations for more complex cases with a larger model size. It 
was observed that, in some cases, a spurious signal may have 
amplitude that is very close to actual signals amplitude. 

All spectrum estimation-based Super-resolution algo 
rithms work by splitting the incoming signal complex ampli 
tude data into two sub-spaces: the noise Sub-space and signals 
Sub-space. If these sub-spaces are properly defined (sepa 
rated), then the model size is equal to the signal Sub-space size 
(dimension). 

In one embodiment, the model size estimation is accom 
plished using an “F” statistic. For example, for ESPRIT algo 
rithm, the singular value decomposition of the estimate of the 
covariance matrix (with forward/backward correlation 
Smoothing) is ordered in ascending order. Thereafter, a divi 
sion is made whereby the (n+1) eigenvalue is divided by the 
n-th eigenvalue. This ratio is an “F” random variable. The 
worst case is an “F” random variable of (1,1) degree of free 
dom. The 95% confidence interval for a “F” random variable 
with (1,1) degrees of freedom is 161. Setting that value as a 
threshold determines the model size. Note also that for the 
noise subspace, the eigenvalues represent an estimate of the 
noise power. 

This method of applying “F” statistics to the ratio of the 
eigenvalues is a more accurate method of estimating the 
model size. It should be noted that other degrees of freedom 
in “F” statistics can be also used for threshold calculation and 
consequently model size estimation. 

Nevertheless, in Some cases, two or more very closely 
spaced (in time) signals can degenerate into one signal 
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because of real-world measurement imperfections. As a 
result, the above mentioned method will underestimate the 
number of signals, i.e., the model size. Since model size 
underestimation reduces the frequency estimation accuracy, 
it is prudent to increase the model size by adding a certain 
number. This number can be determined experimentally and/ 
or from simulations. However, when signals are not closely 
spaced, the model size will be overestimated. 

In Such cases spurious, i.e., non-existent, frequencies may 
appear. As noted earlier, using signal amplitude for spurious 
signals detection does not always work because in some cases 
a spurious signal(s) was observed to have amplitude that is 
very close to actual signal(s) amplitude. Therefore, in addi 
tion to the amplitude discrimination, filters can be imple 
mented to improve spurious frequencies elimination prob 
ability. 
The frequencies that are estimated by Super-resolution 

algorithms are artificial frequencies (equation 2). In fact, 
these frequencies are individual paths delays of the multipath 
environment. As a result, there should be no negative frequen 
cies and all negative frequencies that are produced by a Super 
resolution algorithm are spurious frequencies to be rejected. 

Furthermore, a DLOS distance range can be estimated 
from the complex amplitude A(f) values obtained during 
measurements using methods that are different from Super 
resolution methods. While these methods have lower accu 
racy, this approach establishes range that is used to discrimi 
nate delays, i.e., frequencies. For example, the ratio of 

ALA (2TAf) 
27tAf 

in Afintervals where the signal amplitude |A(f) is close to 
maximum, i.e., avoiding nulls, provides a DLOS delay range. 
Although actual DLOS delay can be up to two times larger or 
Smaller, this defines a range that helps to reject spurious 
results. 

In the embodiment, the ranging signal makes a round-trip. 
In other words, it travels both ways: from a master/reader to a 
target/slave and from the target/slave back to the master/ 
reader: 

Master transmits a tone: Oxe', where () is an operating 
frequency in the operating band and C. is the tone signal 
amplitude. 
At the target's receiver, the received signal (one-way) is as 

follows: 

=N (25) 

S., (t) = a xXK, Xe "xe "m 
=0 

Where: N is number of signal paths in the multipath envi 
ronment; KO and to are amplitude and time-of-flight of the 
DLOS signal; K=1, Ko-0, Kols 1 and Ko can be posi 
tive or negative. 

S(t)=Cuxe 'x A(co)xe (26) 
Where: 

=N 

A (co)xei) = X K, Xe 'm 
=0 

is one way multipath RF channel transfer function in the 
frequency domain; and A(co)e0. 
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Target retransmits the received signal: 
S retraasait (t)=Cuxe 'x A (co)xe (27) 

At the master receiver, the round-trip signal is: 

=N (28) 

Son (t) = a xe "ix A(o)xe 'XXK,xe "m 
=0 

Or: 10 

On the other hand from equations (26) and (28): 
15 

=N 2 (29) 

Sound trip(t) = Q X exA2(a)x (). KX - 
=0 

2O 

Where: 

=N 2 

A°(a)x (). KX -- =A(c)xed) 25 
=0 

is roundtrip multipath RF channel transfer function in the 
frequency domain. 30 

From equation 29, the roundtrip multipath channel has a 
larger number of paths than one-way channel multipath 
because the 

35 
=N 2 

X K, Xe in 
=0 

expression in addition to the to-ty paths delays, includes 40 
combinations of these paths delays, for example: Tot, to 
T2 . . . , t +t, U+t, . . . , etc. 

These combinations dramatically increase the number of 
signals (complex exponentials). Hence the probability of very 
closely spaced (in time) signals will also increase and may as 
lead to significant model size underestimation. Thus, it is 
desirable to obtain one-way multipath RF channel transfer 
function. 

In preferred embodiment, the one-way amplitude values 
|A(f) are directly obtainable from target/slave device. How- so 
ever, the one-way phase values ZA(f) cannot be measured 
directly. It is possible to determine the phase of the one-way 
from the roundtrip phase measurements observation: 

55 
=N 2 =N 

(). KX -- = e() and (). KX -- () 
=0 

However, for each value of (), there are two values of phase 60 
C.(CD) Such that 

A detailed description of resolving this ambiguity is shown 
below. If the ranging signal different frequency components 65 
are close to each other, then for most part the one-way phase 
can be found by dividing the roundtrip phase by two. Excep 

38 
tions will include the areas that are close to the “null', where 
the phase can undergo a significant change even with Small 
frequency step. Note: the “null phenomena is where the 
incoming RF signals from multiple paths are destructively 
combining with the DLOS path and each other, thus signifi 
cantly reducing the received signal strength and associated 
with it SNR. 

Let h(t) be the one-way impulse response of a communi 
cations channel. The corresponding transfer function in the 
frequency domain is 

- X: 

where A(CO)20is the magnitude and C(()) is the phase of the 
transfer function. If the one-way impulse response is retrans 
mitted back through the same channel as it is being received, 
the resulting two-way transfer function is 

where B(c))=0. Suppose the two-way transfer function 
G(()) is known for all () in Some open frequency interval (c), 
()). Is it possible to determine the one-way transfer function 
H(CO) defined on ((), ()) that produced G(())? 

Since the magnitude of the two-way transfer function is the 
square of the one-way magnitude, it is clear that 

However, in trying to recover the phase of the one-way 
transfer function from observation of G(a)), the situation is 
more subtle. For each value of (), there are two values of phase 
C.(CD) Such that 

ej2c (u)=eif (c) (33) 

A large number of different Solutions might be generated 
by independently choosing one of two possible phase values 
for each different frequency (). 
The following theorems, which assume that any one-way 

transfer function is continuous at all frequencies, help resolve 
this situation. 
Theorem 1: 
Let I be an open interval of frequencies () containing no 

zeros of the two-way transfer function G(c))=B(co)e"P". Let 
J(co)-VB(o)e' be a continuous function on I where B(co)= 
2Y(()). Then J(()) and -J(CD) are the one-way transfer func 
tions which produce G(CD) on I, and there are no others. 

Proof. One of the solutions for the one-way transfer func 
tion is the function H(c))=VB(o)e', continuous on I since 
it is differentiable on I, and where f3(c))=2O.(co). Since G(())Z0 
on I, H(CO) and J(CD) are nonzero on I. Then, 

H(c) WB(e) eje) io(u)-y(tu) (34) 
- - - 8 
J(co) WB(a) eiyu) 

Since H(CO) and J(()) are continuous and nonzero on I, their 
ratio is continuous on I, hence the right side of (34) is con 
tinuous on I. The conditions f(c))=2O.(c))=2Y(co) imply that 
for each (D6I, C(())-y(()) is either 0 or L. However, C.(c))-y(()) 
cannot Switch between these two values without causing a 
discontinuity on the right side of (34). Thus, either C.(co)-y 
(c))=0 for all (O6I, or C.(co)-y(()) It for all (O6I. In the first 
case, we get J(())-H(CO), and in the second we get J(c))=-H 
(c)). 
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This theorem proves that to get a one-way Solution on any 
open interval I containing no Zeros of the transfer function 
G(c))=B(o)e'P', we form the function J(co)=VB(o)ev, 
choosing the values of y(CD) satisfying B(c))=2y(CD) in Such a 
way as to make J(()) continuous. Since it is known that there 
is a solution having this property, namely H(CO), it is always 
possible to do this. 
An alternate procedure for finding a one-way Solution is 

based on the following theorem: 
Theorem 2: Let H(c))=A(co)e" be a one-way transfer 

function and let I be an open interval of frequencies () con 
taining no Zeros of H(CO). Then the phase function C(()) of 
H(CO) must be continuous on I. 

Proof: Let () be a frequency in the interval I. In FIG. 7, the 
complex value H(c)o) has been plotted as a point in the com 
plex plane, and by hypothesis, H(c))20. Let 6-0 be an arbi 
trarily Small real number, and consider the two angles of 
measure 6 shown in the FIG. 7, as well as the circle centered 
at H(c)o) and tangent to the two rays OA and OB. By assump 
tion, H(()) is continuous for all (). Thus, if () is sufficiently 
close to (), the complex value H(CO) will lie in the circle, and 
it is seen that lo.(co)-O.(c))|<e. Since 6-0 was chosen arbi 
trarily, we conclude that C (co)->C.(coo) as co->(), so that the 
phase function C(()) is continuous at (). 

Theorem 3: 
Let I be an open interval of frequencies () containing no 

zeros of the two-way transfer function G(co)-B(o)e'P". Let 
J(co)-VB(o)e' be a function on I where B(co)-2Y(co) and 
y(CD) is continuous on I. Then J(()) and -J(CD) are the one-way 
transfer functions which produce G(CD) on I, and there are no 
others. 

Proof: The proof is similar to the proof of Theorem 1. We 
know that one of the solutions for the one-way transfer func 
tion is the function H(c))=VB(o)e', where B(c))=2C(co). 
Since G(co)Z0 on I, H(co) and J(co) are nonzero on I. Then, 

H(a) v B(o)e() (35) 
J(co) V B(a) eiy(t) 

By hypothesis Y(()) is continuous on I and by Theorem 2 
C(()) is also continuous on I. Thus, C.(c))-y(()) is continuous 
on I. The conditions f(c))=2O.(c))=2Y(co) imply that for each 
()6I, C.(co)-y(()) is either 0 or L. However, C.(c))-Y(co) cannot 
switch between these two values without becoming discon 
tinuous on I. Thus, either C.(co)-Y(c))=0 for all (O6I, or C(())- 
Y(c))=TL for all ()6I. In the first case, we get J(c))=H(c)), and in 
the second J(c))=-H(c)). 

Theorem 3 tells us that to get a one-way solution on any 
open interval I containing no Zeros of the transfer function 
G(c))=B(co)e', we simply form the function J(co)= 
VB(o)e", choosing the values of y(co) satisfying B(c))=2y 
(CD) in Such a way as to make the phase function y(CD) continu 
ous. Since it is known that there is a solution having this 
property, namely H(c)), it is always possible to do this. 

Although the above theorems show how to reconstruct the 
two one-way transfer functions which generate the two-way 
function G(c)), they are useful only on a frequency interval I 
containing no Zeros of G(CD). In general, G(CD) will be 
observed on a frequency interval (c), ()) which may contain 
Zeros. The following is a method that might get around this 
problem, assuming that there are only a finite number of Zeros 
of G(CD) in (c), ()), and that a one-way transfer function has 
derivatives of all orders on (c)()), not all of which are Zero 
at any given frequency (): 
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Let H(CO) be a one-way function that generates G(CD) on the 

interval (c), ()), and assume that G(co) has at least one Zero 
on ((), ()). The Zeros of G(CD) will separate ((), ()) into a 
finite number of abutting open frequency intervals J. 
J. ..., J. On each Such interval the solution H(CO) or -H(CO) 
or will be found using either Theorem 1 or Theorem 3. We 
need to “stitch together these solutions so that the stitched 
Solution is either H(CO) or -H(()) across all of (c), ()). In 
order to do this, we need to know how to pair the solutions in 
two adjacent Subintervals so that we arent Switching from 
H(c) to -H(co) or from H(co) to H(co) in moving from one 
subinterval to the next. 
We illustrate the stitching procedure starting with the first 

two adjacent open Subintervals J and J. These subintervals 
will abutata frequency () which is a Zero of G(()) (of course, 
() is not contained in either subinterval). By our above 
assumption about the properties of a one-way transfer func 
tion, there must be a minimum positive integer n such that 
H" (co)re?), where the superscript (n) denotes the n" deriva 
tive. Then the limit of the n" derivative of our one-way solu 
tion in J, as co->() from the left will be either H(c)) or 
-H" (co) according to whether our solution in J, is H(co) or 
-H(co). Similarly, the limit of the n" derivative of our one 
way solution in J. as co->() from the right will be either 
H'(co) or -H"(c)) according to whether our solution in J. 
is H(co) or -H(co). Since H(c))z0, the two limits will be 
equal if and only if the solutions in J and J are both H(CO) or 
both -H(c)). If the left and right hand limits are unequal, we 
invert the solution in subinterval J. Otherwise, we don’t. 

After inverting the solution in Subinterval J (if necessary), 
we perform an identical procedure for Subintervals J and J. 
inverting the solution in subinterval J (if necessary). Con 
tinuing in this fashion, we eventually build up a complete 
Solution on the interval ((), ()). 

It would be desirable that high-order derivatives of H(c)) 
not be required in the above reconstruction procedure, since 
they are difficult to compute accurately in the presence of 
noise. This problem is unlikely to occur, because at any Zero 
of G(()) it seems very likely that the first derivative of H(c)) 
will be nonzero, and if not, very likely that the second deriva 
tive will be nonzero. 

In a practical scheme, the two-way transfer function G(a)) 
will be measured at discrete frequencies, which must be close 
enough together to enable reasonably accurate computation 
of derivatives near the Zeros of G(co). 

For RF-based distance measurements it is necessary to 
resolve an unknown number of closely spaced, overlapping, 
and noisy echoes of a ranging signal with a priori known 
shape. Assuming that ranging signal is a narrow-band, in 
frequency domain this RF phenomena can be described 
(modeled) as a sum of a number of sine waves, each per 
multipath component, and each with the complex attenuation 
and propagation delay of the path. 

Taking the Fourier transform of the above mentioned sum 
will express this multipath model in the time domain. 
Exchanging the role of time and frequency variables in this 
time domain expression, this multipath model will become 
harmonic signals spectrum in which the propagation delay of 
the path is transformed to a harmonic signal. 
The Super (high) resolution spectral estimation methods 

are designed to distinguish closely-placed frequencies in the 
spectrum and used for estimating the individual frequencies 
of multiple harmonic signals, e.g., paths delays. As a result, 
path delays can be accurately estimated. 
The Super resolution spectral estimation makes use of the 

eigen-structure of the covariance matrix of the baseband 
ranging signal samples and covariance matrix intrinsic prop 
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erties to provide a solution to an underlying estimation of 
individual frequencies, e.g. paths delays. One of the eigen 
structure properties is that the eigenvalues can be combined 
and consequently divided into orthogonal noise and signal 
eigenvectors, aka Subspaces. Another eigen-structure prop 
erty is the rotation-invariant signal Subspaces property. 
The subspace decomposition technology (MUSIC, root 

MUSIC, ESPRIT, etc.) relies on breaking the estimated cova 
riance matrix of the observed data into two orthogonal sub 
spaces, the noise Subspace and the signal Subspace. The 
theory behind the Subspace decomposition methodology is 
that the projection of the observable onto the noise subspace 
consists of only the noise and the projection of the observable 
onto the signal Subspace consists of only the signal. 
The spectral estimation methods assume that signals are 

narrow-band, and the number of harmonic signals is also 
known, i.e., the size of the signal Subspace needs to be known. 
The size of the signal Subspace is called as the model size. In 
general, it cannot be known in any detail and can change 
rapidly particularly indoors—as the environment changes. 
One of the most difficult and Subtle issues when applying any 
Subspace decomposition algorithm is the dimension of the 
signal Subspace that can be taken as the number of frequency 
components present, and which is the number multipath 
reflections plus the direct path. Because of real-world mea 
surement imperfections there always will be an error in the 
model size estimation, which in turn will result in loss of 
accuracy of frequencies estimation, i.e., distances. 

To improve the distance measurement accuracy, one 
embodiment includes six features that advance the state of the 
art in the methodology of subspace decomposition high reso 
lution estimation. Included is combining two or more algo 
rithms estimating individual frequencies by using different 
eigen-structure properties that further reduces the delay path 
determination ambiguity. 

Root Music finds the individual frequencies, that when the 
observable is projected onto the noise Subspace, minimizes 
the energy of the projection. The Esprit algorithm determines 
the individual frequencies from the rotation operator. And in 
many respects this operation is the conjugate of Music in that 
it finds the frequencies that, when the observable is projected 
onto the signal Subspace, maximizes the energy of the pro 
jection. 

The model size is the key to both of these algorithms, and 
in practice, in a complex signal environment such as seen in 
indoor ranging the model size which provides the best per 
formance for Music and Esprit are in general not equal, for 
reasons that will be discussed below. 

For Music it is preferable to err on the side of identifying a 
basis element of the decomposition as a “signal eigenvalue' 
(Type I Error). This will minimize the amount of signal 
energy that is projected on the noise Subspace and improve the 
accuracy. For Esprit—the opposite is true—it is preferable to 
err on the side of identifying a basis element of the decom 
position as a “noise eigenvalue.” This is again a Type I Error. 
This will minimize the impact of noise on the energy pro 
jected onto the signal subspace. Therefore, the model size for 
Music will, in general, be somewhat larger than that for 
Esprit. 

Secondly, in a complex signal environment, there arise 
occasions where, with the strong reflections and the potential 
that the direct path is in fact much weaker than some of the 
multipath reflections, the model size is difficult to estimate 
with sufficient statistical reliability. This issue is addressed by 
estimating a “base' model size for both Music and Esprit and 
the processing the observable data using Music and Esprit in 
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42 
a window of model sizes defined by the base model size for 
each. This results in multiple measurements for each mea 
Surement. 

The first feature of the embodiment is the use of the F-sta 
tistic to estimate the model size (see above). The second 
feature is the use of differentType I Error probabilities in the 
F-statistic for Music and Esprit. This implements the Type I 
Error differences between Music and Esprit as discussed 
above. The third feature is the use of a base model size and a 
window in order to maximize the probability of detecting the 
direct path. 

Because of the potentially rapidly changing physical and 
electronic environment, not every measurement will provide 
robust answers. This is addressed by using cluster analysis on 
multiple measurements to provide a robust range estimate. 
The fourth feature of the embodiment is the use of multiple 
measurementS. 

Because there are multiple signals present, the probability 
distribution of the multiple answers resulting from multiple 
measurements, each using multiple model sizes from both a 
Music and Esprit implementation, will be multimodal. Con 
ventional cluster analysis will not be sufficient for this appli 
cation. The fifth feature is the development of multimodal 
cluster analysis to estimate the direct range and equivalent 
range of the reflected multipath components. The sixth fea 
ture is the analysis of the statistics of the range estimates 
provided by the cluster analysis (range and Standard deviation 
and combing those estimates that are statistically identical. 
This results in a more accurate range estimate. 
The abovementioned methods can be also used in wide 

bandwidth ranging signal location-finding systems. 
For the derivation of r(t) in the thresholded method, starting 

with expression (20), we obtain 

i (A1) 

g(t) = (e. +Xa. sinian into + 1)Aft 
k=1 

i 

= aosini (2N + 1)Aft+ X a sini (2N + 1)AftsinkitAft 
k=1 

i 1 
= aosini (2N + 1)Aft+ X 5 a cost(2N + 1-k)Aft– 

k=1 

where the trigonometric identity sin X sin y=/2 cos(x-y)- 
/2 cos(x+y) is used. 
Except for ao, the coefficients at are Zero for even k. The 

reason for this is that on the interval I, the function 1/sin JLAft 
that we are trying to approximate by h(t) is even about the 
center of I, but the basis functions sinkJLAft for evenk, kz0, 
are odd about the center of I, hence are orthogonal to 1/sin 
JLAfton I. Thus, we can make the substitution k=2n+1 and let 
M be an odd positive integer. In fact, we will let M=2N+1. 
This choice has been experimentally determined to provide a 
good amount of cancellation of the oscillations in the interval 
I. 
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W W 1 1 
X as a cos27t(N - n)Aft- X as a cos27t(N + n + 1)Aft 
=0 2 =0 2 

Now we make the substitution k=N-n in the first summa 
tion and k=N--n--1 in the second summation to obtain 

1 A 1 (A3) 
g(t) = a sin2(N -- Aft -- X saxN-)-cos2.itkAft 

ik=0 

2N-- 1 1 1 

X sax-N)-cos2tkAft= assin2(N -- Aft +sa:N-1 + 
k=N-1 

W 1 2N-- 1 

X sa:(N-1)-cos2.itkAft- X sax-N)-cos2.itkAft 
k=1 k=N-1 

Subtracting g(t) from S(t) results in 

r(t) = S(t) - g(t) = (A4) 

W 1 A 1 
1 + 2X cos2.itkAft-sax - X saxN-)-cos2.itkAft+ 

k=1 k=1 

2N-- 1 1 

X sax-N)-cos2tkAft- a sin2(N -- la?t 
k=N-1 

Now let 

bo-1-/2a2N1 

b=2-/2a2N for k=1,2,...,N 

b=/2a2c for k=N-1.N+2, ... .2N+1 

c=-ao (A5) 

Then (A4) can be written as 

2N-- (A6) 

The present embodiments relate to a positioning/locating 
method in wireless communication and other wireless net 
works that substantially obviate one or more of the disadvan 
tages of the related art. The present embodiments advanta 
geously improve the accuracy of tracking and locating 
functionality in multiple types of wireless network by utiliz 
ing multi-path mitigation processes, techniques and algo 
rithms, described in U.S. Pat. No. 7,872,583. These wireless 
networks include Wireless Personal Area Networks (WP 
GAN) such as ZigBee and Blue Tooth, wireless local area 
network (WLAN) such as WiFi and UWB, Wireless Metro 
politan Area Networks, (WMAN) typically consisting of 
multiple WLANs, WiMax being the primary example, wire 
less Wide Area Networks (WAN) such as White Space TV 
Bands, and Mobile Devices Networks (MDN) that are typi 
cally used to transmit voice and data. MDNs are typically 
based on Global System for Mobile Communications (GSM) 
and Personal Communications Service (PCS) standards. A 
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44 
more recent MDN is based on the Long Term Evolution 
(LTE) standard. These wireless networks are typically com 
prised of a combination of devices, including base stations, 
desktop, tablet and laptop computers, handsets, Smartphones, 
actuators, dedicated tags, sensors as well as other communi 
cation and data devices (generally, all these devices are 
referred to as “wireless network devices'). 

Existing location and positioning information solutions 
use multiple technologies and networks, including GPS, 
AGPS, Cell Phone Tower Triangulation, and Wi-Fi. Some of 
the methods used to derive this location information include 
RF Fingerprinting, RSSI, and TDOA. Although acceptable 
for the current E911 requirements, existing location and rang 
ing methods do not have the reliability and accuracy required 
to support the upcoming E911 requirements as well as LBS 
and/or RTLS applications requirements, especially indoors 
and urban environments. 
The methods described in U.S. Pat. No. 7,872,583 signifi 

cantly improve the ability to accurately locate and track tar 
geted devices within a single wireless network or a combina 
tion of multiple wireless networks. The embodiment is a 
significant improvement to the existing implementation of 
tracking and location methods used by wireless networks that 
use Enhanced Cell-ID and OTDOA (Observed Time Differ 
ence of Arrival), including DL-OTDOA (Downlink 
OTDOA), U-TDOA, UL-TDOA and others 

Cell ID location technique allows estimating the position 
of the user (UE User Equipment) with the accuracy of the 
particular sector coverage area. Thus, the attainable accuracy 
depends on the cell (base station) sectoring scheme and 
antenna beam-width. In order to improve accuracy the 
Enhanced Cell ID technique adds RTT (Round Trip Time) 
measurements from the eNB. Note: Here, the RTT constitutes 
the difference between transmission of a downlink DPCH 
Dedicated Physical Channel, (DPDCH)/DPCCH: Dedicated 
Physical Data Channel/Dedicated Physical Control Channel) 
frame and the beginning of a corresponding uplink physical 
frame. In this instance the abovementioned frame(s) act as a 
ranging signal. Based on the information of how long this 
signal propagates from eNB to the UE, the distance from eNB 
can be calculated (see FIG. 10). 

In the Observed Time Difference of Arrival (OTDOA) 
technique the time of arrival of the signal coming from neigh 
boring base stations (eNB) is calculated. The UE position can 
be estimated in the handset (UE-based method) or in the 
network (NT-based, UE-assisted method) once the signals 
from three base stations are received. The measured signal is 
the CPICH (Common Pilot Channel). The propagation time 
of signals is correlated with a locally generated replica. The 
peak of correlation indicates the observed time of propaga 
tion of the measured signal. Time difference of arrival values 
between two base stations determines a hyperbola. At least 
three reference points are needed to define two hyperbolas. 
The location of the UE is in the intersection of these two 
hyperbolas (see FIG. 11). 

Idle Period Downlink (IPDL) is further OTDOA enhance 
ment. The OTDOA-IPDL technique is based on the same 
measurements as the regular OTDOA Time measurements 
are taken during idle periods, in which serving eNB ceases its 
transmissions and allows the UE within the coverage of this 
cell to hear pilots coming from distant eNB(s). Serving eNB 
provides idle periods in continuous or burst mode. In the 
continuous mode, one idle period is inserted in every down 
link physical frame (10 ms). In the burst mode, idle periods 
occur in a pseudo-random way. Further improvement is 
obtained via Time Aligned IPDL (TA-IPDL). Time alignment 
creates a common idle period, during which, each base station 
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will either cease its transmission or transmit the common 
pilot. The pilot signal measurements will occur in idle period. 
There are several other techniques that may further enhance 
the DL OTDOA-IPDL method, for example Cumulative 
Virtual Blanking, UTDOA (Uplink TDOA), etc. All these 
techniques improve the ability to hear other (non-serving) 
eNB(s). 
One significant drawback of the OTDOAbased techniques 

is that the base stations timing relationships must be known, 
or measured (synchronized), for this method to be viable. For 
unsynchronized UMTS networks the 3GPP standard offers 
Suggestion of how this timing may be recovered. However, 
networks operators are not implementing Such solution. As a 
result, an alternative that uses the RTT measurements in lieu 
of the CPICH signal measurements was proposed (see U.S. 
Patent Publication No. 2008/0285505, John Carlson et al., 
SYSTEM AND METHOD FOR NETWORK TIMING 

RECOVERY IN COMMUNICATIONS NETWORKS). 
All abovementioned methods/techniques are based on the 

terrestrial signals time of arrival and/or time difference of 
arrival measurements (RTT, CPICH, etc.). An issue with such 
measurements is that these are severely impacted by the 
multi-path. This, in turn, significantly degrades the above 
mentioned methods/techniques locate/track accuracy (see 
Jakub Marek Borkowski: Performance of Cell ID+RTT 
Hybrid Positioning Method for UMTS). 
One Multi-path mitigation technique uses detections/mea 

surements from excess number of eNB(s) or Radio Base 
Stations (RBS). The minimum is three, but for multipath 
mitigation the number of RBS's required is at least six to eight 
(see METHOD AND ARRANGEMENT FOR DL-OTDOA 
(DOWNLINK OBSERVED TIME DIFFERENCE OF 
ARRIVAL) POSITIONINGINALTE (LONG TERMEVO 
LUTION) WIRELESS COMMUNICATIONS SYSTEM, 
WO/2010/104436). However, the probability of an UE hear 
ing from this large number of eNB(s) is much lower than from 
three eNB(s). This is because with large number of RBS 
(eNBs) there will be several ones that are far away from the 
UE and the received signal from these RBS (es) may fall 
below the UE receiver sensitivity level or the received signal 
will have low SNR. 

In case of RF reflections (e.g., multi-path), multiple copies 
of the RF signal with various delay times are superimposed 
onto the DLOS (Direct Line of Site) signal. Because CPICH, 
uplink DPCCH/DPDCH and other signals that are used in 
various CELL ID and OTDOA methods/techniques, includ 
ing the RTT measurements, are of a limited bandwidth the 
DLOS signal and reflected signals cannot be differentiated 
without proper multi-path processing/mitigation; and with 
out this multi-path processing these reflected signals will 
induce an error in the estimated time difference of arrival 
(TDOA) and time of arrival (TOA) measurements, including 
RTT measurements. 

For example, 3 GTS 25.515 v.3.0.0 (199-10) standards 
define the RTT as “... the difference between transmission of 
a downlink DPCH frame (signal) and the reception of the 
beginning (first significant path) of the corresponding uplink 
DPCCH/DPDCH frame (signal) from UE”. The standard 
does not define what constitutes this “first significant path'. 
The standard goes on noting that “The definition of the first 
significant path needs further elaboration’. For example, in 
heavy multipath environment it is a common occurrence 
whereby the DLOS signal, which is the first significant path, 
is severely attenuated (10 dB-20 dB) relatively to one or more 
reflected signal(s). If the “first significant path’ is determined 
by measuring the signal strength, it may be one of the 
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reflected signal(s) and not the DLOS signal. This will result in 
erroneous TOA/DTOA/RTT measurement(s) and loss of 
locating accuracy. 

In prior wireless networks generations the locating accu 
racy was also impacted by the low sampling rate of frames 
(signals) that are used by the locate methods—RTT, CPCIH 
and other signals. The current third and following wireless 
network generations have much higher sampling rate. As a 
result, in these networks the locating accuracy real impact is 
from the terrestrial RF propagation phenomena (multipath). 
The embodiment can be used in all wireless networks that 

employ reference and/or pilot signals, and/or synchronization 
signals, including simplex, half-duplex and full duplex modes 
of operation. For example, the embodiment operates with 
wireless networks that employ OFDM modulation and/or its 
derivatives. Thus, the embodiment operates with LTE net 
works. 

It is also applicable to other wireless networks, including 
WiMax, WiFi, and White Space. Other wireless networks that 
do not use reference and/or pilot or synchronization signals 
may employ one or more of the following types of alternate 
modulation embodiments as described in U.S. Pat. No. 7,872, 
583: 1) where a portion of frame is dedicated to the ranging 
signal/ranging signal elements as described in U.S. Pat. No. 
7,872.583; 2) where the ranging signal elements (U.S. Pat. 
No. 7,872.583) are embedded into transmit/receive signals 
frame(s); and 3) where the ranging signal elements (described 
in U.S. Pat. No. 7,872,583) are embedded with the data. 

These alternate embodiments employ multi-path mitiga 
tion processor and multi-path mitigation techniques/algo 
rithms described in U.S. Pat. No. 7,872,583 and can be used 
in all modes of operation: simplex, half-duplex and full 
duplex. 

It is also likely that multiple wireless networks will, at the 
same time, utilize the preferred and/or alternate embodi 
ments. By way of example, a Smart phone can have Blue 
Tooth, WiFi, GSM and LTE functionality with the capability 
of operating on multiple networks at the same time. Depend 
ing on application demands and/or network availability, dif 
ferent wireless networks can be utilized to provide position 
ing/locating information. 
The proposed embodiment method and system leverages 

the wireless network reference/pilot and/or synchronization 
signals. Furthermore, the reference/pilot signal/synchroniza 
tion signals measurements might be combined with RTT 
(Round Trip Time) measurements or system timing. Accord 
ing to an embodiment, RF-based tracking and locating is 
implemented on 3GPP LTE cellular networks, but could be 
also implemented on other wireless networks, for example 
WiMax, Wi-Fi, LTE, sensors networks, etc. that employ a 
variety of signaling techniques. Both the exemplary and men 
tioned above alternative embodiments employ multi-path 
mitigation method/techniques and algorithms that are 
described in U.S. Pat. No. 7,872,583 The proposed system 
can use software implemented digital signal processing. 
The system of the embodiment leverages User Equipment 

(UE), e.g. cell phone or Smart phone, hardware/software as 
well as Base Station (Node B)/enhanced Base Station (eNB) 
hardware/software. A base station generally consists of trans 
mitters and receivers in a cabin or cabinet connected to anten 
nas by feeders. These base stations include, Micro Cell, Pico 
Cell, Macro Cell, Umbrella Cell, Cell Phone towers, Routers 
and Femtocells. As a result, there will be little or no incre 
mental cost to the UE device and overall system. At the same 
time the locate accuracy will be significantly improved. 
The improved accuracy comes from the multipath mitiga 

tion that is provided by the present embodiments and the U.S. 
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Pat. No. 7,872,583. The embodiments use multi-path mitiga 
tion algorithms, network reference/pilot and/or synchroniza 
tion signals and network node (eNB). These might be supple 
mented with RTT (Round Time Trip) measurements. The 
multi-path mitigation algorithms are implemented in UE and/ 
or base station (eNB), or both: UE and eNB 
The embodiments advantageously use the multi-path miti 

gation processor/algorithms (see U.S. Pat. No. 7,872,583) 
that allow separating the DLOS signal and reflected signals, 
even when DLOS signal is significantly attenuated (10 dB-20 
dB lower) relatively to one or more reflected signals. Thus, 
the embodiments significantly lower the error in the estimated 
ranging signal DLOS time-of-flight and consequently TOA, 
RTT and DTOA measurements. The proposed multi-path 
mitigation and DLOS differentiating (recognizing) method 
can be used on all RF bands and wireless systems/networks. 
And it can Support various modulation/demodulation tech 
niques, including Spread Spectrum techniques, such as DSS 
(Direct Spread Spectrum) and FH (Frequency Hopping). 

Additionally, noise reduction methods can be applied in 
order to further improve the methods accuracy. These noise 
reduction methods can include, but are not limited to, coher 
ent Summing, non-coherent Summing, Matched filtering, 
temporal diversity techniques, etc. The remnants of the multi 
path interference error can be further reduced by applying the 
post-processing techniques, such as, maximum likelihood 
estimation (e.g., Viterbi Algorithm), minimal variance esti 
mation (Kalman Filter), etc. 

In present embodiments the multi-path mitigation proces 
sor and multi-path mitigation techniques/algorithms do not 
change the RTT, CPCIH and other signals and/or frames. The 
present embodiments leverage wireless network reference, 
pilot and/or synchronization signals that are used to obtain the 
channel responsefestimation. The invention uses the channel 
estimation statistics that is generated by UE and/or eNB (see 
Iwamatsu et al., APPARATUS FORESTIMATING PROPA 
GATION PATH CHARACTERISTICS, US 2003/008156; 
U.S. Pat. No. 7,167.456 B2). 
LTE networks use specific (non-data) reference/pilot and/ 

or synchronization S signals (known signals) that are trans 
mitted in every downlink and uplink subframe, and might 
span entire cell bandwidth. For simplicity from now on we 
will refer to reference/pilot and synchronization signals as 
reference signals. An example of the LTE reference signals is 
in FIG.9 (these signals are interspersed among LTE resource 
elements). From FIG. 2, reference signals (symbols) are 
transmitted every sixth subcarrier. Further, reference signals 
(symbols) are staggered in both time and frequency. In total, 
reference signals are covering every third Subcarrier. 

These reference signals are used in the initial cell search by 
the UE, downlink signal strength measurements, scheduling 
and handover, etc. Included in the reference signals are UE 
specific reference signals for channel estimation (response 
determination) for coherent demodulation. In addition to the 
UE-specific reference signals, other reference signals may be 
also used for channel estimation purposes, (see Chen et al., 
US patent publication No. 2010/0091826A1). 
LTE employs the OFDM (Orthogonal Frequency Division 

Multiplexing) modulation (technique). In LTE the ISI (Inter 
Symbol Interference) caused by multipath is handled by 
inserting Cyclic prefix (CP) at the beginning of each OFDM 
symbol. The CP provides enough delay so that delayed 
reflected signals of the previous OFDM symbol will die out 
before reaching the next OFDM symbol. 
An OFDM symbol consists of multiple very tightly spaced 

subcarriers. Inside the OFDM symbol time-staggered copies 
of the current symbol (caused by multipath) result in Inter 
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Carrier Interference (ICI). In LTE the ICI is handled (miti 
gated) by determining the multipath channel response and 
correcting the channel response in the receiver. 

In LTE the multipath channel response (estimation) is com 
puted in the receiver from subcarriers bearing the reference 
symbols. Interpolation is used to estimate the channel 
response on the remaining Subcarriers. The channel response 
is calculated (estimated) in form of channel amplitude and 
phase. Once the channel response is determined (by periodic 
transmission of known reference signals), the channel distor 
tion caused by multipath is mitigated by applying an ampli 
tude and phase shift on a subcarrier-by-subcarrier basis (see 
Jim Zyren, Overview of the 3GPP Long Term Evolution 
Physical Layer, white paper). 
LTE multipath mitigation is designed to remove the ISI (by 

inserting a Cyclic Prefix) and ICI, but not to separate the 
DLOS signal from reflected signals. For example, time-stag 
gered copies of the current symbol make each modulated 
Subcarrier signals spreadintime, thus causing ICI. Correcting 
multipath channel response using the abovementioned LTE 
technique will shrink modulated Subcarrier signals in time, 
but this type of correction does not guarantee that the result 
ing modulated subcarrier signals (inside the OFDM symbol) 
are DLOS signals. If DLOS modulated subcarrier signals are 
significantly attenuated relatively to delayed reflected 
signal(s), the resulting output signal will be the delayed 
reflected signal(s) and the DLOS signal will be lost. 

In LTE compliant receiver, further signal processing 
includes DFT (Digital Fourier Transformation). It is well 
known that DFT technique(s) can resolve (remove) only cop 
ies of signal(s) that are delayed for times that are longer than 
or equal to the time that is inversely proportional to the signal 
and/or channel bandwidth. This method accuracy may be 
adequate for an efficient data transfer, but not accurate enough 
for precise distance measurement in a heavy multipath envi 
ronment. For example, to achieve thirty meters accuracy, the 
signal and receiver channel bandwidths should be larger than 
or equal to ten megahertz (/10 MHZ-100 ns.). For better 
accuracy the signal and receiver channel bandwidths should 
be wider—one hundred megahertz for three meters. 

However, CPICH, uplink DPCCH/DPDCH and other sig 
nals that are used in various CELL ID and OTDOA methods/ 
techniques, including the RTT measurements, as well as the 
LTE received signal subcarriers have bandwidths that are 
significantly lower than ten megahertz. As a result, the cur 
rently employed (in LTE) method/technique will produce 
locating errors in the range of 100 meters. 
To overcome the abovementioned limitations the embodi 

ments use a unique combination of implementations of Sub 
space decomposition high resolution spectral estimation 
methodologies and multimodal cluster analysis. This analysis 
and related multi-path mitigation method/techniques and 
algorithms, described in U.S. Pat. No. 7,872,583, allow a 
reliable and accurate separation of DLOS path from other 
reflected signals paths. 
Compared to methods/techniques used in the LTE, in a 

heavy multipath environment this method/techniques and 
algorithms (U.S. Pat. No. 7,872,583) deliver 20x to 50x accu 
racy improvement in the distance measurement via reliable 
and accurate separation of DLOS path from other multi-path 
(MP) paths. 

Methods/techniques and algorithms described in U.S. Pat. 
No. 7.872.583 require ranging signal complex amplitude esti 
mation. Accordingly, the LTE reference signals used for 
channel estimation (response determination) as well as other 
reference signals (including pilot and/or synchronization sig 
nals, can be also construed as a ranging signal in methods/ 
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techniques and algorithms described in U.S. Pat. No. 7,872, 
583. In this case the ranging signal complex amplitude is the 
channel response that is calculated (estimated) by the LTE 
receiver in form of amplitude and phase. In other words, the 
channel response statistics that is calculated (estimated) by 
the LTE receiver can provide complex amplitude information 
that is required by the method/techniques and algorithms 
described in U.S. Pat. No. 7,872,583. 

In ideal open space RF propagation environment with no 
multipath the phase change of the received signal (ranging 
signal), e.g. channel response phase, will be directly propor 
tional to the signals frequency (a straight line); and the RF 
signal time-of-flight (propagation delay) in Such environment 
can be directly computed from the phase VS. frequency depen 
dency by computing first derivative of the phase VS. frequency 
dependency. The result will be the propagation delay con 
Stant. 

In this ideal environment the absolute phase value at initial 
(or any) frequency is not important because the derivative is 
not affected by the phase absolute values. 

In a heavy multipath environment the received signal phase 
change vs. frequency is a complicated curve (not a straight 
line); and the first derivative does not provide information that 
could be used for accurate separation of DLOS path from 
other reflected signals paths. This is the reason for employing 
multipath mitigation processor and method(s)/techniques 
and algorithms described in U.S. Pat. No. 7,872,583. 

If the phase and frequency synchronization (phase coher 
ency) achieved in a given wireless network/system is very 
good, then multipath mitigation processor and method(s)/ 
techniques and algorithms described in U.S. Pat. No. 7,872, 
583 will accurately separate DLOS path from other reflected 
signals paths and determine this DLOS path length (time-of 
flight). 

In this phase coherent network/system no additional mea 
Surements are required. In other words, one way ranging 
(simplex ranging) can be realized. 

However, if the degree of synchronization (phase coher 
ency) achieved in a given wireless network/system is not 
accurate enough, then in a heavy multipath environment the 
received signal phase and amplitude change vs. frequency 
might be very similar for measurements conducted at two or 
more different locations (distances). This phenomenon might 
lead to an ambiguity in received signal DLOS distance (time 
of-flight) determination. 

To resolve this ambiguity it is necessary to know the actual 
(absolute) phase value for at least one frequency. 

However, the amplitude and phase VS. frequency depen 
dency that is computed by the LTE receiver does not include 
an actual phase value because all amplitude and phase values 
are computed from the downlink/uplink reference signals, 
e.g. relative to each other. Thus, the amplitude and phase of 
the channel response that is calculated (estimated) by the LTE 
receiver needs actual phase value at least at one frequency 
(Subcarrier frequency). 

In LTE this actual phase value can be determined from one 
or more RTT measurement(s), TOA measurements; or 

from time-stamping of one or more received reference 
signals, provided that 1) these time stamps of transmitting 
these signals by eNB are also known at the receiver (or vice 
versa), 2) the receiver and eNB clocks are well synchronized 
in time, and/or 3) by using multilateration techniques. 

All of the above methods provide the time-of-flight values 
of one or more reference signals. From the time-of-flight 
values and frequencies of these reference signals actual phase 
values at one or more frequencies can be calculated. 
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The present embodiments achieve a highly accurate DLOS 

distance determination/locating in a heavy multipath environ 
ment by combining multi-path mitigation processor, 
method(s)/techniques and algorithms described in U.S. Pat. 
No. 7,872.583 with: 1) the amplitude and phase vs. frequency 
dependency that is computed by the LTE UE and/or eNB 
receiver or 2) a combination of the amplitude and phase VS. 
frequency dependency that is computed by the LTE UE and/ 
or eNB receiver and actual phase value(s) for one or more 
frequencies obtained via RTT and/or TOA; and/or time 
Stamping measurements. 

In these cases the actual phase value(s) is affected by the 
multipath. However, this does not impact the performance of 
methods/techniques and algorithms described in U.S. Pat. 
No. 7,872,583. 

In LTE RTT/TOA/TDOA/OTDOA, including DL-OT 
DOA, U-TDOA, UL-TDOA, etc., measurements can be car 
ried out with the resolution of 5 meters. RTT measurements 
are carried during dedicated connections. Thus, multiple 
simultaneous measurements are possible when UE is in han 
dover state and times when UE periodically collects and 
reports measurements back to the UE, in which the DPCH 
frames are exchanged between the UE and different networks 
(base stations). Similar to RTT, TOA measurements provide 
the signal's time-of-flight (propagation delay), but TOA mea 
Surements cannot be made simultaneously (Jakub Marek 
Borkowski: Performance of Cell ID+RTT Hybrid Positioning 
Method for UMTS). 

In order to locate UE on plane DLOS distances have to be 
determined at least from/to three eNB(s). To locate UE in 
three-dimensional space minimum four DLOS distances 
from/to four eNB(s) would have to be determined (assuming 
that at least one eNB is not on the same plane). 
An example of UE positioning method is shown in FIG.1. 
In case of very good synchronization RTT measurements 

are not required. 
If the degree of synchronization is not accurate enough, 

then methods like OTDOA, Cell ID+RTT and others, for 
example AOA (Angle-of-Arrival) and its combinations with 
other methods, can be used for the UE locating. 
The Cell ID+RTT track-locate method accuracy is 

impacted by the multipath (RTT measurements) and the eNB 
(base station) antenna beamwidth. Base stations antennas 
beamwidths are between 33 and 65 degrees. These wide 
beamwidths results in locating error of 50-150 meters in 
urban areas (Jakub Marek Borkowski: Performance of Cell 
ID+RTT Hybrid Positioning Method for UMTS). Consider 
ing that in a heavy multipath environment the current LTE 
RTT distance measurement average error is approximately 
100 meters, the overall expected average locate error of the 
currently employed by LTE Cell ID+RTT method is approxi 
mately 150 meters. 
One of the embodiments is the UE locating based on the 

AOA method, whereby one or more reference signals from 
the UE is used for the UE locate purposes. It involves an AOA 
determination device location for determining the DLOS 
AOA. The device can be collocated with the base station 
and/or installed at another one or more locations independent 
from the base station location. The coordinates of these loca 
tions are presumably known. No changes are required on the 
UE side. 

This device includes a small antenna array and is based on 
a variation of the same multipath mitigation processor, 
method(s)/techniques and algorithms described in U.S. Pat. 
No. 7,872,583. This one possible embodiment has the advan 
tage of precise determination (very narrow beamwidth) of the 
AOA of the DLOS RF energy from an UE unit. 
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In one other option this added device is receive only device. 
As a result, its size/weight and cost are very low. 
The combination of embodiments in which accurate DLOS 

distance measurements are obtained and embodiments in 
which an accurate DLOS AOA determination can be made 
will greatly improve the Cell ID+RTT track-locate method 
precision—10x or greater. Another advantage of this 
approach is that the UE location can be determined at any 
moment with a single tower, (does not require placing UE in 
Soft handover mode). Because an accurate location fix can be 
obtained with a single tower there is no need to synchronize 
multiple cell towers. Another option of determining the 
DLOS AOA is to use the existing eNBantenna array and the 
eNB equipment. This option may further lower the cost of 
implementation of the improved Cell ID+RTT method. How 
ever, because eNB antennas are not designed for the locating 
applications, the positioning accuracy may be degraded. 
Also, network operators may be unwilling to implement 
required changes in base station (Software/hardware). 

In the LTE (Evolved Universal Terrestrial Radio Access 
(E-UTRA); Physical channels and modulation: 3GPP TS 
36.211 Release 9 technical Specification) Positioning Refer 
ence Signals (PRS), were added. These signals are to be used 
by the UE for the DL-OTDA (Downlink OTDOA), position 
ing. Also, this release 9 requires eNB(s) to be synchronized. 
Thus, clearing the last obstacle for OTDOA methods (see 
paragraph 274 above). The PRS improves UE hear-ability at 
UE of multiple eNBs. Note: the Release 9 did not specify the 
eNB synchronization accuracy (some proposals: 100 ns.). 
The U-TDOA/UL-TDOA are in a study phase; to be stan 

dardized in 2011. 
The DL-OTDOA method (in Release 9) is detailed in the 

US patent US 2011/0124347 A1 (Method and Apparatus for 
UE positioning in LTE networks, Chen, at al.). The Release 9 
DL-OTDOA suffers from the multipath. Some of the multi 
path mitigation can be achieved via increased PRS signal 
bandwidth. However, the trade-off is increased scheduling 
complexity and longer times between UE positions fixes. 
Moreover, for networks with limited operating bandwidth, 
for example 10 MHz, the best possible accuracy is 100 
meters, see Chen, Table 1. 
The above numbers are the best possible case. Other cases, 

especially when the DLOS signal strength is significantly 
lower (10-20 dB) compared to the reflected signal(s) strength, 
result in significantly larger (2x-4x) of the abovementioned 
locate/ranging errors. 

Embodiments described herein allow for up to 50x rang 
ing/locate accuracy improvement for a given signal band 
width over the performance achieved by the Release 9 DL 
OTDOA method and the UL-PRS method of Chen et al. 
described in the Background section. Thus, applying embodi 
ments of the methods described herein to the Release 9 PRS 
processing reduces the locate error down to 3 meters or better 
in 95% of all possible cases. In addition, this accuracy gain 
will reduce the scheduling complexity and the time between 
UE position fixes. 

With the embodiments described herein further improve 
ments for the OTDOA method are possible. For example, the 
ranging to the serving cell can be determined from other 
serving cells signals, thus improving the neighboring cells 
hearability and reducing the scheduling complexity, includ 
ing the time between UE positions fixes. 

Embodiments also enable the accuracy of the U-TDOA 
method and UL-TDOA from Chen et al. (described in the 
Background) to be improved up to 50 times. Applying 
embodiments to the Chen's UL-TDOA variant, reduces the 
locate error down to 3 meters or better in 95% of all possible 
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cases. Moreover, this accuracy gain further reduces the sched 
uling complexity and the time between UE positions fixes. 

Again, with the present embodiments, Chen's UL-TDOA 
method accuracy can be improved up to 50x. Thus, applying 
the present embodiments to the Chen's U-TDOA variant, will 
reduce the locate error downto 3 meters or better in 95% of all 
possible cases. Moreover, this accuracy gain will further 
reduce the scheduling complexity and the time between UE 
positions fixes. 
The abovementioned DL-TDOA and U-TDOA/UL 

TDOA methods rely on one-way measurements (ranging). 
Present embodiments and practically all other ranging tech 
nologies require that the PRS and/or other signals used in the 
process of one-way ranging would be frequency and phase 
coherent. The OFDM based systems, like LTE, are frequency 
coherent. However, the UE units and eNB(s) are not phase or 
time synchronized by a common source—like UTC, to a 
couple nanoseconds, e.g. there exists a random phase adder. 
To avoid the phase coherency impact on the ranging accu 

racy, the embodiment of the multipath processor calculates 
the differential phase between the ranging signal(s), e.g. ref 
erence signals, individual components (Subcarriers). This 
eliminates the random phase term adder. 
As identified above in the discussion of Chen et al., apply 

ing the embodiments described herein result in significant 
accuracy improvement in indoor environments compared to 
the performance achieved by Chen etal. For example, accord 
ing to Chen, at al. the DL-OTDOA and/or U-TDOA/UL 
TDOA are mostly for outdoor environments, indoors (build 
ings, campuses, etc.) the DL-OTDOA and U-TDOA 
technologies may not perform well. Several reasons are noted 
(see Chen, #161-164), including the Distributed Antenna 
Systems (DAS) that are commonly employed indoors, 
whereby each antenna does not have a unique ID. 
The embodiment described below operates with wireless 

networks that employ OFDM modulation and/or its deriva 
tives; and reference/pilot/and or synchronization signals. 
Thus, the embodiment described below operates with LTE 
networks and it is also applicable to other wireless systems 
and other wireless networks, including other types of modu 
lation, with or without reference/pilot/and/or synchronization 
signals. 
The approach described herein is also applicable to other 

wireless networks, including WiMax, WiFi, and White Space. 
Other wireless networks that do not use reference/pilot and/or 
synchronization signals may employ one or more of the fol 
lowing types of alternate modulation embodiments as 
described in U.S. Pat. No. 7,872,583: 1) where a portion of 
frame is dedicated to the ranging signal/ranging signal ele 
ments; 2) where the ranging signal elements are embedded 
into transmit/receive signals frame(s); and 3) where the rang 
ing signal elements are embedded with the data. 

Embodiments of the multipath mitigation range estimation 
algorithm described herein (also described in U.S. Pat. Nos. 
7.969,311 and 8.305.215) works by providing estimates of 
the ranges in the ensemble made up of the direct path (DLOS) 
of a signal plus the multipath reflections. 
The LTE DAS system produces multiple copies of the same 

signal seen at various time offsets to a mobile receiver (UE). 
The delays are used to uniquely determine geometric rela 
tionships between the antennas and the mobile receiver. The 
signal seen by the receiver resembles that seen in a multipath 
environment—except the major “multipath’ components 
result from the sum of the offset signals from the multiple 
DAS antennas. 
The signal ensemble seen by the receiver is identical to the 

type of signal ensemble embodiments are designed to 
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exploit-except that in this case the major multipath compo 
nents are not traditional multipath. The present multipath 
mitigation processor (algorithms) is capable of determining 
the attenuation and propagation delay of the DLOS and each 
path, e.g. reflection, (see equations 1-3 and associated 
descriptions). While multipath can be present because of the 
dispersive RF channel (environment), the major multipath 
components in this signal ensemble are associated with trans 
missions from multiple antennas. Embodiments of the 
present multipath algorithm can estimate these multipath 
components, isolate the ranges of the DAS antennas to the 
receiver, and provide range data to the location processor 
(implemented in Software). Depending on the antenna plac 
ing geometry, this solution can provide both X, Y and X, Y, Z 
location coordinates. 
As a result, present embodiments do not require any hard 

ware and/or new network signal(s) additions. Moreover, the 
positioning accuracy can be significantly improved by 1) 
mitigating the multipath and 2) in case of active DAS the 
lower bound of positioning error can be drastically reduced, 
Such as reducing from approximately 50 meters to approxi 
mately 3 meters. 

It is assumed that the position (location) of each antenna of 
a DAS is known. The signal propagation delay of each 
antenna (or relative to other antenna) also has to be deter 
mined (known). 

For active DAS systems the signal propagation delay may 
be determined automatically, using the loopback techniques, 
whereby the known signal is sent round trip and this round 
trip time is measured. This loopback technique also elimi 
nates the signal propagation delay changes (drift) with tem 
perature, time, etc. 

Using multiple macro cells and associated antennas, Pico 
cells and micro cells further enhance the resolution by pro 
viding additional reference points. 
The embodiment described above of individual range esti 

mates in a signal ensemble of multiple copies from multiple 
antenna can be further enhanced by changes to the signal 
transmit structure in the following two ways. The first is to 
time multiplex the transmissions from each antenna. The 
second approach is to frequency multiplex for each of the 
antennas. Using both enhancements, time and frequency mul 
tiplexing simultaneously, further improve the ranging and 
location accuracy of the system. Another approach is to add a 
propagation delay to each antenna. The delay values would be 
chosen to be large enough to exceed the delay spread in a 
particular DAS environment (channel), but smaller than the 
Cyclic Prefix (CP) length so that the multipath caused by 
additional delays will not result in ISI (Inter Symbol Interfer 
ence). 
The addition of a unique ID or unique identifier for each 

antenna increases the efficiency of the resulting solution. For 
example, it eliminates the need for the processor to estimate 
all the ranges from the signals from each of the antennas 

In one embodiment utilizing the LTE downlink, one or 
more reference signal(s) Subcarriers, including pilot and or 
synchronization signal(s) Subcarriers, are used to determine 
Subcarriers phase and amplitude that are in turn applied to the 
multi-path processor for multipath interference mitigation 
and generation of range based location observables and locate 
estimate using multilateration and location consistency algo 
rithms to edit out wild points. 

Another embodiment takes advantage of the fact that the 
LTE uplink signaling also includes reference signals, mobile 
device to base, which also contains reference Subcarriers. In 
fact there is more than one mode in which contain these 
subcarriers from a full sounding mode used by the network to 
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assign a frequency band to the uplink device to a mode where 
are reference Subcarriers are used to generate a channel 
impulse responses to aid in demodulation of the uplink signal, 
etc. Also, similarly to the DL PRS added in rel.9 additional 
UL reference signals might be added in the upcoming and 
future standard releases. In this embodiment, the uplink sig 
nal is processed by multiple base units (eNB) using the same 
range to phase, multipath mitigation processing to generate 
range related observables. In this embodiment, location con 
sistency algorithms are used as established by the multilat 
eration algorithm to edit wild point observables and generate 
a location estimate. 

Yet another embodiment, relevant one or more reference 
(including pilot and/or synchronization) Subcarriers of both 
the LTE downlink and LTE uplink are collected, the range to 
phase mapping is applied, multipath mitigation is applies and 
the range associated observable is estimated. These data 
would then be fused in such a way that would provide a more 
robust set of observables for location using the multilateration 
algorithm and location consistency algorithms. The advan 
tage would be the redundancy that results in improved accu 
racy since the downlink and up link two different frequency 
bands or in case of the TDD (Time Division Duplexing) 
improving the system coherency. 

In a DAS (Distributed Antenna System) environment 
where multiple antennas transmitting the same downlink sig 
nal from a microcell the location consistency algorithm(s) are 
extended to isolate the ranges of the DAS antennas from 
observables generated by the multipath mitigation processing 
from reference signal(s) (including pilot and/or synchroniza 
tion) subcarriers and to obtain the location estimates from the 
multiple DAS emitters (antennas) ranges. 

In a DAS system (environment) obtaining accurate loca 
tion estimate is possible only if the signals paths from indi 
vidual antennas can be resolved with a high accuracy, 
whereby the path error is only a fraction of the distance 
between antennas (accuracy of 10 meters or better). Because 
all existing techniques/methods cannot provide Such accu 
racy in a heavy multipath environment (signals from multiple 
DAS antennas will appear as induced heavy multipath) the 
existing techniques/methods cannot take advantage of the 
abovementioned extension of the location consistency algo 
rithm(s) and this locate method/technique in the DAS envi 
rOnment. 

The InvisiTrack multi-path mitigation methods and sys 
tems for object identification and location finding, described 
in U.S. Pat. No. 7,872,583, is applied to the range to signal 
phase mapping, multipath interference mitigation and pro 
cess to generate range based location observables utilizing the 
LTE downlink, uplink and/or both (downlink and uplink), one 
or more reference signal(s) Subcarriers and using multilatera 
tion and location consistency to generate a location estimate. 

In all above embodiments trilateration positioning algo 
rithms can be also employed. 
The DL-OTDOA locating was specified in the LTE release 

9: Evolved Universal Terrestrial Radio Access (E-UTRA); 
Physical channels and modulation: 3GPP TS 36.211 Release 
9 technical Specification. However, it has not been imple 
mented by the wireless operators (carrier)S. In the meantime 
a Downlink locating can be implemented within current, e.g. 
unmodified, LTE network environment by using the existing 
physical layer measurements operation(s). 

In LTE the UE and the eNB are required to make physical 
layer measurements of the radio characteristics. The mea 
surement definitions are specified in 3GPP TS 36.214. These 
measurements are performed periodically and are reported to 
the higher layers and are used for a variety of purposes includ 



US 9,288,623 B2 
55 

ing intra- and inter-frequency handover, inter-radio access 
technology (inter-RAT) handover, timing measurements, and 
other purposes in support of RRM (Radio Resource Manage 
ment). 

For example, the RSRP (Reference Signal Received 
Power) is the average of the power of all resource elements 
which carry cell-specific reference signals over the entire 
bandwidth. 

Another example is the RSRO (Reference Signal Received 
Quality) measurement that provides additional information 
(RSRO combines signal strength as well as interference 
level). 

The LTE network provides the UE with eNB neighbor (to 
serving eNB) lists. Based on the network knowledge configu 
ration, the (serving) eNodeB provides the UE with neighbor 
ing eNB's identifiers, etc. The UE then measures the signal 
quality of the neighbors it can receive. The UE reports results 
back to the eNodeB. Note: UE also measures the signal qual 
ity of the serving eNB. 

According to the specification, the RSRP is defined as the 
linear average over the power contributions (in IW) of the 
resource elements that carry cell-specific reference signals 
within the considered measurement frequency bandwidth. 
The measurement bandwidth that is used by the UE to deter 
mine RSRP is left up to the UE implementation with the 
limitation that corresponding measurement accuracy require 
ments have to be fulfilled. 

Considering the measurement bandwidth accuracy 
requirements this bandwidth is fairly large and the cell-spe 
cific reference signals that are used in the RSRP measure 
ments can be further processed to determine these reference 
signals subcarriers phase and amplitude that are in turn 
applied to the multi-path processor for multipath interference 
mitigation and generation of range based location observ 
ables. In addition, other reference signals that are used in the 
RSRP measurement, for example SSS (Secondary Synchro 
nization Signal) might be also used. 

Thereafter, based on range observables from three or more 
cells the location fix can be estimated using multilateration 
and location consistency algorithms. 
As was mentioned previously while there are several 

causes of the RF fingerprinting database instability one of the 
major ones is the multipath (the RF signature is very sensitive 
to multipath). As a result, the RF Fingerprinting method(s)/ 
technology locate accuracy is heavily impacted by multipath 
dynamics—changes over time, environment (for example 
weather), people and/or objects movement, including vertical 
uncertainty: >100% variability depending upon device 
Z-height and/or antenna orientation (see Tsung-Han Lin, et 
al. Microscopic Examination of an RSSI-Signature-Based 
Indoor Localization System). 
The present embodiments can significantly improve the RF 

Fingerprinting locate accuracy because of the ability (multi 
path processor) to find and characterize each individual path, 
including significantly attenuated DLOS. As a result, the RF 
Fingerprinting decision on the location fix can be supple 
mented with the real-time multipath distribution information 
AS was mentioned above, the locate fix will require posi 

tion references synchronization in time. In wireless networks 
these position references may include Access Points, Macro/ 
Mini/Pico and Femto cells, as wells as so called Small cells 
(eNB). However, wireless operators do not implement the 
synchronization accuracy that is needed for an accurate posi 
tion fix. For example, in case of LTE the standard does not 
require any time synchronization between eNB(s) for the 
FDD (Frequency Division Duplexixing) networks. For LTE 
TDD (Time Division Duplexing) this time synchronization 
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accuracy is limit is +/-1.5 microseconds. This is equivalent to 
400+ meters locate uncertainty. Although not required, the 
LTE FDD networks are also synchronized but use even larger 
(than 1.5 microseconds) limits. 

Wireless LTE operators are using GPS/GNSS signals to 
synchronize eNB(s) in frequency and time. Note: The LTE 
eNB has to maintain a very accurate carrier frequency: 0.05 
ppm for macro?mini cells and slightly less accurate for other 
type of cells (0.1-0.25 ppm). The GPS/GNSS signals can also 
enable a required (for locate) time synchronization accuracy 
of better than 10 nanoseconds. However, network operators 
and network equipment manufacturers are trying to reduce 
costs associated with the GPS/GNSS units in favor of Packet 
Transport?, e.g. Internet/Ethernet networking time synchro 
nization by employing NTP (Network Time Protocol) and/or 
PTP (Precision Time Protocol), for example IEEE 1588v2 
PTP 
The IP network based synchronization has a potential of 

meeting the minimum frequency and time requirements, but 
is lacking the GPS/GNSS precision that is needed for locate 
fix. 
The approach described herein is based on the GPS/GNSS 

signals and signals generated by the eNB and/or AP, or other 
wireless networks equipment. It also can be based on the IP 
networking synchronization signals and Protocols and sig 
nals generated by the eNB and/or AP, or other wireless net 
works equipment. This approach is also applicable to other 
wireless networks, including WiMax, WiFi, and White Space. 
The eNB signals are received by the Time Observation Unit 

(TMO) installed at the operator's eNB facility (FIG. 12). The 
TMO also include the External Synchronization Source 
input. 
The eNB signals are processed by the TMO and are time 

stamped using clocks that are synchronized with the External 
Synchronization Source input. 
The External Synchronization Source could be from the 

GPS/GNSS and/or Internet/Ethernet networking, for 
example PTP or NTP, etc. 
The time-stamped processed signal, for example the LTE 

frame start (could be other signals, especially in other net 
works), also includes the eNB (cell) location and/or cell ID, is 
sent via the Internet/Ethernet backhaul to a central TMO 
Server that creates, maintains and updates a database of all 
eNBS. 
The UE and/or eNB(s) involved in the process of ranging 

and obtaining a location fix will quire the TMO Server and the 
server will return the time synchronization offsets between 
the eNB(s) involved. These time synchronization offsets will 
be used by the UE and/or eNB(s) involved in the process of 
obtaining a location fix to adjust the location fix. 

Alternatively, the location fix calculations and adjustment 
can be carried out by the TMO Serverwhen UE and/or eNB(s) 
involved in the process of ranging will also supply the 
obtained ranging information to the TMO Server. The TMO 
Server will then return an accurate (adjusted) position (lo 
cate) fix. 

If more than one celleNB equipment is co-located together 
a single TMO can process and time stamp signals from all 
eNB(s). 
The RTT (Round Time Trip) measurements (ranging) can 

be used for locating. The drawback is that the RTT ranging is 
Subject to multipath which has drastic impact on the locate 
accuracy. 
On the other hand, RTT locating does not require the posi 

tion references synchronization (in time) in general and in 
case of LTE the eNB in particular. 
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At the same time, when operating with Pilot Reference 
and/or other signals of the wireless network the multipath 
mitigation processor, method(s)/techniques and algorithms 
described in U.S. Pat. No. 7,872,583 are capable of determin 
ing the channel response for the RTT signal(s), e.g. identify 
the multipath channel that the RTT signal(s) are going 
through. This allows to correct the RTT measurements so that 
the actual DLOS time will be determined. 

With DLOS time known it will be possible to obtain the 
location fix using trilateration and/or similar locating meth 
ods without the need of eNB or position references synchro 
nization in time. 

Even with TMO and TMO Server in place the InvisiTrack's 
technology integration will require changes in the macrof. 
mini/pico and small cells and/or UE (cell phone). Although 
these changes are limited only to SW/FW (software/firm 
ware) it takes a lot of effort to revamp the existing infrastruc 
ture. Also, in some cases network operators and/or UE/cell 
phone manufacturers/Suppliers resisting equipment modifi 
cations. Note: UE is wireless network User Equipment. 

This SW/FW change can be completely avoided if the 
TMO and TMO Server functionality is expanded to support 
the InvisiTrack locate technology. In other words, another 
embodiment described below operates with wireless net 
works signals, but do not require any modifications of the 
wireless network equipment/infrastructure. Thus, the 
embodiment described below operates with LTE networks 
and it is also applicable to other wireless systems/networks, 
including Wi-Fi. 

In essence this embodiment creates a parallel wireless 
locate infrastructure that uses the wireless network signals to 
obtain location fix. 

Similarly to TMO and TMO Server, the InvisiTrack's 
locate infrastructure will consists of one or more wireless 
Network Signals Acquisition Units (NSAU) and one or more 
Locate Server Units (LSU) that collect data from NSAU(s) 
and analyze it, determining range and locations, and to con 
vert it into a table, e.g. of phone/UEs IDs and locations at an 
instant of time. The LSU interfaces to the wireless network 
via network’s API. 

Multiple of these units could be deployed in various loca 
tions in a large infrastructure. If NSAU(s) have coherent 
timing the results for all can be used which will give better 
accuracy. 
The coherent timing can be derived from the GPS clock 

and/or other stable clock sources. 
The NSAU communicates with LSU via LAN (Local Area 

Network), Metro Area Network (MAN) and/or Internet. 
In some installation/instances the NSAU and LSU could be 

combined/integrated into a single unit. 
In order to Support location services using LTE or other 

wireless networks, the transmitters are required to be clock 
and event synchronized to within tight tolerances. Normally 
this is accomplished by locking to the 1 PPS signal of GPS. 
This will result in timing synchronization in a local area to 
within 3 nanosecond 1-Sigma. 

However, there are many instances when this type of syn 
chronization is not practical. This present embodiments pro 
vide time offset estimates between the downlink transmitters 
and tracking of the time offsets in order to provide delay 
compensation values to the location process So the location 
process can proceed as if the transmitters were clock and 
event synchronized. This is accomplished by prior knowledge 
of the transmit antenna (which is required for any location 
services) and a receiver with known a prioriantenna location. 
This receiver called the synchronization unit will collect data 
from all the downlink transmitters and given its knowledge of 
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the locations, calculate the offset timing from a preselected 
base antenna. These offsets are tracked by the system through 
the use of a tracking algorithm that compensates for clock 
drifts the downlink transmitters. Note: The processing to 
derive pseudo ranges from the received data will utilize the 
InvisiTrack Multipath mitigation algorithms (described in 
U.S. Pat. No. 7,872,583). Hence the synchronization will not 
be impacted by multipath. 

These offset data are used by the location processor (Loca 
tion Server, LSU) to properly align the data from each down 
link transmitter so that it appears to have been generated by 
synchronized transmitters. The time accuracy is comparable 
with the best 1-PPS tracking and will support 3 meter location 
accuracy (1-sigma). 
The synchronization receiver and/or receivers antennas 

will be located based on optimal GDOP for best performance. 
In large installations multiple synchronization receivers can 
be utilized to provide an equivalent 3 insec 1-Sigma synchro 
nization offset throughout the network. By utilizing synchro 
nization receivers(s) the requirements for synchronization of 
the downlink transmitters is eliminated. 
The synchronization receiver unit can be a standalone unit 

communicating with the NSAU and/or LSU. Alternatively 
this synchronization receiver can be integrated with the 
NSAU. 
The exemplary wireless network locate equipment dia 

gram is depicted in FIG. 13. 
The embodiment of a completely autonomous system, no 

Customer Network Investment, which utilizes LTE signals 
operates in the following modes: 
1. Uplink mode uses wireless network Uplink (UL) signals 

for the purpose of locating (FIGS. 16 and 17) 
2. Downlink mode—uses wireless network Downlink (DL) 

signals for the purpose of locating (FIGS. 14 and 15). 
3. Two-way mode—uses both: UL and DL signals for locat 

1ng. 
In the Uplink mode multiple antennas are connected to one or 
more NSAUs. These antennae locations are independent from 
the wireless network antennas; NSAU(s) antennae locations 
are selected to minimize the GDOP (Geometric Dilution of 
Precision). 
Network RF signals from the UE/cell phone devices are 

collected by NSAU(s) antennae and are processed by 
NSAU(s) to produce time stamped samples of the processed 
network RF signals during a time interval that is adequate for 
capturing one or more instances of all signals of interest. 

Optionally, NSAU will also receive, process and time 
stamped samples of Downlink signals to obtain additional 
information, for example for determining UE/phone ID, etc. 
From captured time stamped samples the UE/cell phone 

devices identification numbers (ID) together with time 
stamped wireless network signals of interest that associated 
with each UE/cellphone ID(s) will be determined (obtained). 
This operation can be performed either by the NSAU or by the 
LSU. 
The NSAU will periodically supply data to the LSU. If 

unscheduled data is needed for one or more UE/cell phone 
ID(s) then LSU will request additional data. 
No changes/modifications will be needed in wireless net 

work infrastructure and/or existing UE/cellphone for the UL 
mode operation. 

In the Downlink (DL) mode the InvisiTrack enabled UE 
will be required. Also, the cell phone FW would have to be 
modified if phone is used to obtain location fix. 

In some instances operators can make baseband signals 
available from BBU(s) (Base Band Units). In such cases 
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NSAU(s) will also be capable process these available base 
band wireless network signals instead of RF wireless network 
signals. 

In the DL mode there is no need to associate the UE/cell 
phone ID with one or more wireless network signals because 
these signals will be processed in the UE/cell phone or 
UE/cell phone will periodically produce time stamped 
samples of the processed network RF signals and send these 
to the LSU; and the LSU will send result(s) back to the 
UE/cell phone. 

In the DL mode the NSAU will process and time stamp 
processed RF or baseband (when available) wireless network 
signals. From captured time stamped samples wireless net 
work signals DL frames starts associated with the network 
antennas will be determined (obtained) and the difference 
(offset) between these frame starts will be calculated. This 
operation can be performed either by the NSAU or by the 
LSU. Frame starts offsets for network antennas will be stored 
on the LSU. 

In the DL mode frame starts offsets of network antennas 
will be sent from LSU to the UE/phone device in case when 
the device will process/determine its own location fix using 
InvisiTrack technology. Otherwise, when UE/cell phone 
device will periodically send time stamped samples of the 
processed network RF signals to the LSU, the LSU will 
determine the device's location fix and will send the location 
fix data back to the device. 

In DL mode the wireless network RF signals will come 
from one or more wireless network antennae. To avoid mul 
tipath impact on results accuracy the RF signal should be 
sniffed out from the antenna or the antenna connection to the 
wireless network equipment. 

The two-way mode encompasses determination of the 
location fix from both: UL and DL operations. This allows 
further improve the locate accuracy. 
Some Enterprise setups use one or more BBUs feeding one 

or more Remote Radio Heads (RRH), with each RRH in turn 
feeding multiple antennae with the same ID. In such environ 
ments, depending on wireless network configuration, deter 
mining the DL mode frame starts offsets of network antennas 
might not be required. This includes a single BBU set up as 
well as multiple BBUs, whereby antennae of each BBU are 
assigned to a certain Zone and adjacent Zones coverage's are 
Overlapping. 
On the other hand a configuration, configuration whereby 

antennae that are fed from multiple BBUs are interleaved in 
the same Zone will require determining the DL mode frame 
starts offsets of network antennas. 

In DL mode of operation in DAS environment multiple 
antennae may share the same ID. 

In the present embodiments, location consistency algo 
rithm(s) are extended/developed to isolate the ranges of the 
DAS antennas from observables generated by the multipath 
mitigation processing from reference signal(s) (including 
pilot and/or synchronization) Subcarriers and to obtain the 
location estimates from the multiple DAS emitters (antennas) 
ranges. 

However, these consistency algorithms have limits of num 
ber of antennae that emit the same ID. It is possible to reduce 
the number of antennae that emit the same ID by 
1. For a given coverage Zone interleave Antennas that are fed 
from different sectors of sectorized BBU (BBUs are 
capable of Supporting up to six sectors) 

2. For a given coverage Zone interleave Antennas that are fed 
from different sectors of sectorized BBU as well as Anten 
nas that are fed from different BBUs 
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3. Adding a propagation delay element to each antenna. The 

delay values would be chosen to be large enough to exceed 
the delay spread in a particular DAS environment (chan 
nel), but smaller than the Cyclic Prefix (CP) length so that 
the multipath caused by additional delays will not result in 
ISI (Inter Symbol Interference). The addition of a unique 
delay ID for one or more antenna further reduces the num 
ber of antennae that emit the same ID. 
In an embodiment, an autonomous system with no Cus 

tomer Network Investment can be offered. In such embodi 
ment, the system can operate on a band other than the LTE 
band. For example, ISM (industrial Scientific and Medical) 
bands and/or White Space bands can be used in places where 
LTE services are not available. 
The embodiment can be also integrated with the macro/ 

mini/pico/femto station (S) and/or UE (cell phone) equip 
ment. Although the integration may require Customer Net 
work Investment, it can reduce cost overhead and can 
dramatically improve the TCO (Total Cost of Ownership). 
As mentioned herein above, PRS can be used by the UE for 

the Downlink Observed Time Difference of Arrival (DL 
OTDOA) positioning. Regarding the synchronization of 
neighboring base stations (eNBs), the 3GPP TS 36.305 
(Stage 2 functional specification of User Equipment (UE) 
positioning in E-UTRAN) specifies transferring timing to the 
UE, the timing being relative to an eNode B service of can 
didate cells (e.g., neighboring cells). The 3GPP TS 36.305 
also specifies Physical cell IDs (PCIs) and global cell IDs 
(GCIS) of candidate cells for measurement purposes. 

According to the 3GPP TS 36.305, this information is 
delivered from the E-MLC (Enhanced Serving Mobile Loca 
tion Centre) server. It is to be noted that the TS 36.305 does 
not specify the abovementioned timing accuracy. 

Additionally, the 3GPP TS 36.305 specifies that the UE 
shall return to the E-MLC the downlink measurements, which 
includes Reference Signal Time Difference (RSTD) mea 
SurementS. 

The RSTD is the measurement taken between a pair of 
eNBs (see TS 36.214 Evolved Universal Terrestrial Radio 
Access (E-UTRA); Physical Layer measurements; Release 
9). The measurement is defined as a relative timing difference 
between a subframe received from the neighboring cell and 
a corresponding Subframe of the serving cell i. Positioning 
Reference Signals are used to take these measurements. The 
results are reported back to the location server that calculates 
the position. 

In an embodiment, a hybrid method can be defined to 
accommodate both the newly introduced PRS and the already 
existing reference signals. In other words, the hybrid method 
can use/operate with PRS, with other reference signals (e.g., 
cell or node-specific reference signals (CRS)), or with both 
signal types. 

Such a hybrid method provides the advantage of allowing 
network operator(s) to dynamically choose the mode of 
operation depending on circumstances or network param 
eters. For example, the PRS have better hearability than CRS, 
but may result in up to 7% reduction in the data throughput. 
On the other hand, CRS signals do not cause any throughput 
reduction. In addition, CRS signals are backward compatible 
with all previous LTE releases, for example Rel-8 and lower. 
As such, the hybrid method provides a network operator the 
ability to trade-off or balance between hearability, through 
put, and compatibility. 

In Long Term Evolution (LTE) implementations, LTE 
downlink baseband signals (generated by a cell or wireless 
node and referred to herein as “nodes') are generally com 
bined into downlink frames. A receiver for detecting and 
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receiving such signals may detect downlink frames from mul 
tiple cells or nodes (two or more). Each downlink frame 
includes multiple CRS or reference signals. In a Downlink 
(DL) frame, these reference signals have predetermined posi 
tions in time and frequency, e.g., there are deterministic time 
offsets between the frame start and each CRS in a given 
frame. 

In addition, each CRS is modulated with a special code. 
The modulation and the code are also predetermined. The 
CRS modulation is the same for all nodes, but the code (seed) 
is determined by the ID (identification) number of the node. 
As a result, by knowing the node ID(S), it is possible to 

estimate a course location of a frame start time for each frame 
from each node (cell), in the spectrum of the reference sig 
nals. To do so, it is first necessary to determine the frame start 
times or frame starts for all DL signals from different nodes. 
For example, in an embodiment, by correlating the received 
DL baseband signal with known replicas of code modulated 
CRS (generated internally by a detector and/or a multipath 
mitigation processor) it is possible to find all CRS sequences 
or other reference signals from various nodes, and with this 
information find coarse location frame starts of all observable 
nodes. In an embodiment, the detector may also demodulate/ 
decode the CRS and then correlate the demodulated/decoded 
CRS with baseband sub-carriers that are assigned to the CRS. 

At the same time, in an embodiment, the CRS may also be 
used as ranging signals by the multipath mitigation processor. 
Therefore, in addition to finding coarse frame starts the detec 
tor's correlation process is also capable of isolating the CRS 
from other signals (such as payload) in the frame using the 
code that was used to modulate those signals. Thereafter, 
these isolated CRS, and associated frames starts, are trans 
ferred to a multipath mitigation processor for ranging. 
A similar approach can be used in the Uplink mode, 

whereby timing offsets between different node receivers can 
be determined. 

In a downlink embodiment, a system for tracking and 
locating one or more wireless network devices in communi 
cation with a network comprises a user equipment receiver 
configured to receive multiple signals from two or more 
nodes in communication with the network, the multiple sig 
nals being modulated with a code determined by an identifi 
cation of each node of the two or more nodes transmitting the 
multiple signals, the user equipment receiver including a 
detector configured to detect and isolate reference signals 
from the multiple signals based on the identification, and a 
processor configured to use the reference signals as ranging 
signals from each node for tracking and locating the one or 
more wireless network devices. 

In the embodiment, wherein the multiple signals from each 
node of the two or more nodes are combined into a frame that 
includes the reference signals, and wherein the detector is 
further configured to estimate a course location of frame 
starts from each node. 

In the embodiment, wherein the detector is further config 
ured to estimate the course location by correlating the refer 
ence signals with known replicas of Such reference signals. 

In the embodiment, wherein the detector is further config 
ured to isolate the reference signals from any other signals in 
the frame, and wherein the detector is further configured to 
isolate the reference signals for each node of the two or more 
nodes. 

In the embodiment, wherein the processor is at least one 
multipath mitigation processor, and wherein the multipath 
mitigation processor is configured to receive the course loca 
tion and isolated reference signals and estimate a relative time 
of arrival of the ranging signals from each node. 
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In the embodiment, wherein the processor is at least one 

multipath mitigation processor. 
In the embodiment, wherein the multiple signals from each 

node of the two or more nodes are in a frame, wherein the 
detector is further configured to estimate a course location of 
frame starts from each node, wherein the detector is config 
ured to isolate the reference signals from any other signals in 
the frame, wherein the detector is further configured to isolate 
the reference signals for each node of the two or more nodes, 
wherein the detector is configured to pass the course location 
and isolated reference signals for each node to the multipath 
mitigation processor, and wherein the multipath mitigation 
processor is configured to receive the course location and 
isolated reference signals and estimate a relative time of 
arrival of the ranging signals from each node. 

In the embodiment, the system further comprises an uplink 
embodiment where a node receiver is configured to receive 
device signals from the one or more wireless network devices, 
the device signals being modulated with a device code deter 
mined by a device identification of each wireless network 
device of the one or more wireless network devices transmit 
ting the device signals, the node receiver including a device 
detector configured to detect and isolate device reference 
signals from the device signals based on the device identifi 
cation, and a second processor is configured to use the device 
reference signals as ranging signals from each wireless net 
work device for tracking and locating the one or more wire 
less network devices. 

In an embodiment, a system for tracking and locating one 
or more wireless network devices in communication with a 
network, comprises a user equipment receiver configured to 
receive multiple signals from two or more nodes in commu 
nication with the network, the multiple signals being modu 
lated with a code determined by an identification of each node 
of the two or more nodes transmitting the multiple signals, 
and a processor configured to detect and isolate reference 
signals from the multiple signals based on the identification 
and to use the reference signals as ranging signals from each 
node for tracking and locating the one or more wireless net 
work devices. 

In the embodiment, wherein the multiple signals from each 
node of the two or more nodes are combined into a frame that 
includes the reference signals, and wherein the processor is 
further configured to estimate a course location of frame 
starts from each node. 

In the embodiment, wherein the processor is further con 
figured to estimate the course location by correlating the 
reference signals with known replicas of the reference sig 
nals. 

In the embodiment, wherein the processor is further con 
figured to estimate a relative time of arrival of the ranging 
signals from each node based on the course location and 
isolated reference signals. 

In the embodiment, wherein the processor is further con 
figured to isolate the reference signals from any other signals 
in the frame, and wherein the processor is further configured 
to isolate the reference signals for each node of the two or 
more nodes. 

In the embodiment, wherein the multiple signals from each 
node of the two or more nodes are in a frame, wherein the 
processor is further configured to estimate a course location 
of frame starts from each node by correlating the reference 
signals with known replicas of the reference signals, wherein 
the processor is further configured to isolate the reference 
signals from any other signals in the frame and to isolate the 
reference signals for each node of the two or more nodes, and 
wherein the processor is further configured to estimate a 
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relative time of arrival of the ranging signals from each node 
based on the course location and isolated reference signals. 

In an embodiment, a system for tracking and locating one 
or more wireless network devices in communication with a 
network, comprises a detector configured to receive multiple 
signals from two or more nodes in communication with the 
network, the multiple signals being modulated with a code 
determined by an identification of each node of the two or 
more nodes transmitting the multiple signals, and to detect 
and isolate reference signals from the multiple signals based 
on the identification, and a processor configured to use the 
reference signals as ranging signals from each node for track 
ing and locating the one or more wireless network devices. 

In the embodiment, wherein the multiple signals from each 
node of the two or more nodes are combined into a frame that 
includes the reference signals, and wherein the detector is 
further configured to estimate a course location of frame 
starts from each node. 

In the embodiment, wherein the detector is further config 
ured to estimate the course location by correlating the refer 
ence signals with known replicas of Such reference signals. 

In the embodiment, wherein the detector is further config 
ured to isolate the reference signals from any other signals in 
the frame, and wherein the detector is further configured to 
isolate the reference signals for each node of the two or more 
nodes. 

In the embodiment, wherein the processor is at least one 
multipath mitigation processor, and wherein the multipath 
mitigation processor is configured to receive the course loca 
tion and isolated reference signals and estimate a relative time 
of arrival of the ranging signals from each node. 

In the embodiment, wherein the processor is at least one 
multipath mitigation processor. 

In the embodiment, wherein the multiple signals from each 
node of the two or more nodes are in a frame, wherein the 
detector is further configured to estimate a course location of 
frame starts from each node, wherein the detector is config 
ured to isolate the reference signals from any other signals in 
the frame, wherein the detector is further configured to isolate 
the reference signals for each node of the two or more nodes, 
wherein the detector is configured to pass the course location 
and isolated reference signals for each node to the multipath 
mitigation processor, and wherein the multipath mitigation 
processor is configured to receive the course location and 
isolated reference signals and estimate a relative time of 
arrival of the ranging signals from each node. 

In an embodiment, a system for tracking and locating one 
or more wireless devices in communication with a network, 
comprises a node receiver configured to receive device sig 
nals from the one or more wireless network devices, the 
device signals being modulated with a device code deter 
mined by a device identification of each wireless network 
device of the one or more wireless network devices transmit 
ting the device signals, the node receiver including a device 
detector configured to detect and isolate device reference 
signals from the device signals based on the device identifi 
cation, and a processor configured to use the device reference 
signals as ranging signals from each wireless network device 
for tracking and locating the one or more wireless network 
devices. 

Furthermore, the hybrid method can be transparent to the 
LTE UE positioning architecture. For instance, the hybrid 
method can operate in the 3GPP TS 36.305 framework. 

In an embodiment, RSTD can be measured and, according 
to the 3GPP TS 36.305, transferred from a UE to an E-SMLC. 

The UL-TDOA (U-TDOA) is currently in a study phase 
and is expected to be standardized in the upcoming release 11. 
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Embodiments of the UL-TDOA (Uplink) are described 

herein above and are also shown in FIGS. 16 and 17. FIGS. 18 
and 19, described herein below, provide examples of alterna 
tive embodiments of the UL-TDOA. 

FIG. 18 presents an environment that may include one or 
more DAS and/or Femto? Small cell antennas. In this example 
embodiment, each NSAU is equipped with a single antenna. 
As depicted, at least three NSAUs are required. However, 
additional NSAUs can be added to improve hearability 
because each UE must be “heard” by at least three NSAUs. 

Furthermore, the NSAU(s) can be configured as receivers. 
For example, each NSAU receives but does not transmit infor 
mation over the air. In operation, each NSAU can listen to the 
wireless Uplink network signals from UEs. Each of the UEs 
can be a cell phone, a Tag, and/or another UE device. 

Moreover, the NSAUs can be configured to communicate 
with a Locate Server Unit (LSU) over an interface, such as a 
wired service or a LAN. In turn, the LSU can communicate 
with a wireless or an LTE network. The communication can 
be via a network API, where the LSU can, for example, 
communicate with an E-SMLC of the LTE network and can 
use a wired service such as a LAN and/or a WAN. 

Optionally, the LSU may also communicate directly with 
DAS base station(s) and or Femto? Small cells. This commu 
nication can use the same or a modified Network API. 

In this embodiment, the Sounding Reference Signal (SRS) 
can be used for locate purposes. However, other signals may 
also be employed. 
The NSAUs can convert the UE Uplink transmission sig 

nals to a digital format, for example I/O samples, and can 
periodically send a number of the converted signals to the 
LSU with a time stamp. 
The DAS base station(s) and or Femto? Small cells can pass 

to the LSU one or all of the following data: 
1) the SRS, the I/O samples, and the time stamp; 
2) a list of served UE IDs; and 
3) SRS schedule per UE with a UEID, the schedule includ 

ing SRS SchedulingRequestConfig information and SRS 
UL-Config information. 
The information passed to the LSU may not be limited by 

the abovementioned information. It can include any informa 
tion needed to correlate each UE device uplink signal. Such as 
a UE SRS, with each UE ID. 
The LSU functionality can include ranging calculations 

and obtaining the location fix of a UE. These determinations/ 
calculations can be based on the information passed from the 
NSAUs, the DAS bases stations, and/or Femto? Small cells to 
the LSU. 
The LSU may also determine timing offsets from the avail 

able downlink transmission information passed from the 
NSAUS to the LSU. 

In turn, the LSU can provide the wireless or LTE network 
with UE location fix and other calculations and data. Such 
information can be communicated via the Network API. 

For synchronization purposes, each NSAU may receive, 
process, and time stamp Samples of Downlink signals. Each 
NSAU may also periodically send a number of such samples 
to the LSU, including the time stamp(s). 

Additionally, each NSAU may include an input configured 
for synchronization with external signal(s). 

FIG. 19 depicts another embodiment of a UL-TDOA. In 
addition to the components depicted under FIG. 18, the envi 
ronment of this embodiment may include one or more cell 
towers that can be used in lieu of the DAS base stations and/or 
Femtof Small cells. Data from the one or more cell towers can 
be used to obtain the location fix of a UE. 
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AS Such, an advantage of this embodiment includes obtain 
ing a location fix with only a single cell tower (eNB). In 
addition, this embodiment can be configured to operate in a 
similar manner as described under FIG. 18, with the excep 
tion that one or more eNBs can replace the DAS base stations 
and/or the Femtof Small cells. 

Having thus described the different embodiments of a sys 
tem and methods, it should be apparent to those skilled in the 
art that certain advantages of the described method and appa 
ratus have been achieved. In particular, it should be appreci 
ated by those skilled in the art that a system for tracking and 
locating objects can be assembled using FGPA or ASIC and 
standard signal processing software/hardware combination at 
a very Small incremental cost. Such a system is useful in a 
variety of applications, e.g. locating people in indoor or in 
outdoor environments, harsh and hostile environments etc. 

It should also be appreciated that various modifications, 
adaptations, and alternative embodiments thereof may be 
made within the scope and spirit of the present invention. 

What is claimed: 
1. A system for tracking and locating one or more wireless 

network devices in communication with a network, compris 
ing: 

a user equipment receiver configured to receive multiple 
signals from each node of two or more nodes in com 
munication with the network, the multiple signals being 
modulated with a code determined by an identification 
of each node of the two or more nodes transmitting the 
multiple signals, the user equipment receiver including a 
detector configured to detect and isolate reference sig 
nals from the multiple signals based on the identifica 
tion; 
wherein the multiple signals from each node of the two 

or more nodes are combined into a frame that includes 
the reference signals, and wherein the detector is fur 
ther configured to estimate a course location of frame 
starts from each node; and 

a processor configured to use the reference signals as rang 
ing signals from each node for tracking and locating the 
one or more wireless network devices. 

2. The system as recited in claim 1, wherein the detector is 
further configured to estimate the course location by corre 
lating the reference signals with known replicas of Such ref 
erence signals. 

3. The system as recited in claim 1, wherein the detector is 
further configured to isolate the reference signals from any 
other signals in the frame, and wherein the detector is further 
configured to isolate the reference signals for each node of the 
two or more nodes. 

4. The system as recited in claim 1, wherein the processor 
is at least one multipath mitigation processor, and wherein the 
multipath mitigation processor is configured to receive the 
course location and isolated reference signals and estimate a 
relative time of arrival of the ranging signals from each node. 

5. A system for tracking and locating one or more wireless 
network devices in communication with a network, compris 
ing: 

a user equipment receiver configured to receive multiple 
signals from each node of two or more nodes in com 
munication with the network, the multiple signals being 
modulated with a code determined by an identification 
of each node of the two or more nodes transmitting the 
multiple signals, the user equipment receiver including a 
detector configured to detect and isolate reference sig 
nals from the multiple signals based on the identifica 
tion, 
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wherein the multiple signals from each node of the two 

or more nodes are combined into a frame that includes 
the reference signals, and wherein the detector is fur 
ther configured to estimate a course location of frame 
starts from each node; and 

a processor configured to use the reference signals as rang 
ing signals from each node for tracking and locating the 
one or more wireless network devices, 
wherein the processor is at least one multipath mitiga 

tion processor. 
6. The system as recited in claim 5, wherein the detector is 

configured to isolate the reference signals from any other 
signals in the frame, wherein the detector is further config 
ured to isolate the reference signals for each node of the two 
or more nodes, wherein the detector is configured to pass the 
course location and isolated reference signals for each node to 
the multipath mitigation processor, and wherein the multipath 
mitigation processor is configured to receive the course loca 
tion and isolated reference signals and estimate a relative time 
of arrival of the ranging signals from each node. 

7. A system for tracking and locating one or more wireless 
network devices in communication with a network, compris 
ing: 

a user equipment receiver configured to receive multiple 
signals from each node of two or more nodes in com 
munication with the network, the multiple signals being 
modulated with a code determined by an identification 
of each node of the two or more nodes transmitting the 
multiple signals, the user equipment receiver including a 
detector configured to detect and isolate reference sig 
nals from the multiple signals based on the identifica 
tion, 
wherein the multiple signals from each node of the two 

or more nodes are combined into a frame that includes 
the reference signals, and wherein the detector is fur 
ther configured to estimate a course location of frame 
starts from each node 

a processor configured to use the reference signals as rang 
ing signals from each node for tracking and locating the 
one or more wireless network devices; 

a node receiver configured to receive device signals from 
the one or more wireless network devices, the device 
signals being modulated with a device code determined 
by a device identification of each wireless network 
device of the one or more wireless network devices 
transmitting the device signals, the node receiver includ 
ing a device detector configured to detect and isolate 
device reference signals from the device signals based 
on the device identification; and 

a second processor configured to use the device reference 
signals as ranging signals from each wireless network 
device for tracking and locating the one or more wireless 
network devices. 

8. A system for tracking and locating one or more wireless 
network devices in communication with a network, compris 
ing: 

a user equipment receiver configured to receive multiple 
signals from each node of two or more nodes in com 
munication with the network, the multiple signals being 
modulated with a code determined by an identification 
of each node of the two or more nodes transmitting the 
multiple signals; and 

a processor configured to detect and isolate reference sig 
nals from the multiple signals based on the identification 
and to use the reference signals as ranging signals from 
each node for tracking and locating the one or more 
wireless network devices, 
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wherein the multiple signals from each node of the two 
or more nodes are combined into a frame that includes 
the reference signals, and wherein the processor is 
further configured to estimate a course location of 
frame starts from each node. 

9. The system as recited in claim 8, wherein the processor 
is further configured to estimate the course location by cor 
relating the reference signals with known replicas of the 
reference signals. 

10. The system as recited in claim.9, wherein the processor 
is further configured to estimate a relative time of arrival of 
the ranging signals from each node based on the course loca 
tion and isolated reference signals. 

11. The system as recited in claim8, wherein the processor 
is further configured to isolate the reference signals from any 
other signals in the frame, and wherein the processor is fur 
ther configured to isolate the reference signals for each node 
of the two or more nodes. 

12. A system for tracking and locating one or more wireless 
network devices in communication with a network, compris 
ing: 

a detector configured to receive multiple signals from each 
node of two or more nodes in communication with the 
network, the multiple signals being modulated with a 
code determined by an identification of each node of the 
two or more nodes transmitting the multiple signals, and 
to detect and isolate reference signals from the multiple 
signals based on the identification, 
wherein the multiple signals from each node of the two 

or more nodes are combined into a frame that includes 
the reference signals, and wherein the detector is fur 
ther configured to estimate a course location of frame 
starts from each node; and 

a processor configured to use the reference signals as rang 
ing signals from each node for tracking and locating the 
one or more wireless network devices. 

13. The system as recited in claim 12, wherein the detector 
is further configured to estimate the course location by cor 
relating the reference signals with known replicas of such 
reference signals. 
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14. The system as recited in claim 12, wherein the detector 

is further configured to isolate the reference signals from any 
other signals in the frame, and wherein the detector is further 
configured to isolate the reference signals for each node of the 
two or more nodes. 

15. The system as recited in claim 12, wherein the proces 
Sor is at least one multipath mitigation processor, and wherein 
the multipath mitigation processor is configured to receive the 
course location and isolated reference signals and estimate a 
relative time of arrival of the ranging signals from each node. 

16. A system for tracking and locating one or more wireless 
network devices in communication with a network, compris 
1ng: 

a detector configured to receive multiple signals from each 
node of two or more nodes in communication with the 
network, the multiple signals being modulated with a 
code determined by an identification of each node of the 
two or more nodes transmitting the multiple signals, and 
to detect and isolate reference signals from the multiple 
signals based on the identification, 
wherein the multiple signals from each node of the two 

or more nodes are combined into a frame that includes 
the reference signals, and wherein the detector is fur 
ther configured to estimate a course location of frame 
starts from each node: 

a processor configured to use the reference signals as rang 
ing signals from each node for tracking and locating the 
one or more wireless network devices; and 
wherein the processor is at least one multipath mitiga 

tion processor. 
17. The system as recited in claim 16, wherein the detector 

is configured to isolate the reference signals from any other 
signals in the frame, wherein the detector is further config 
ured to isolate the reference signals for each node of the two 
or more nodes, wherein the detector is configured to pass the 
course location and isolated reference signals for each node to 
the multipath mitigation processor, and wherein the multipath 
mitigation processor is configured to receive the course loca 
tion and isolated reference signals and estimate a relative time 
of arrival of the ranging signals from each node. 
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